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Introduction: 

This  report  addresses  the  developments  and  key  research  accomplishments  during  Year  1  of  the 
Predoctoral  Traineeship  Award  entitled  “Measurement  of  pC>2  and  pH  in  living  breast  tumor  models  with  three- 
dimensional  resolution  by  multiphoton  microscopy  during  combined  therapy  with  Herceptin”.  The  overall  goal 
of  this  project  is  to  rationally  schedule  combined  therapy  with  Herceptin  in  murine  models  of  HER2 -positive 
breast  cancer  by  studying  relevant  functional  changes  in  physiology  that  occur  during  therapy.  Specifically, 
further  understanding  of  how  tumor  microenvironmental  oxygen  concentration  (pC>2)  and  acidity  (pH)  may  be 
modulated  during  targeted  breast  cancer  therapy  (Herceptin)  due  to  its  anti-angiogenic  effects  could  help 
enhance  the  application  of  radiotherapy  and  chemotherapy  (Taxol),  respectively.  To  achieve  the  stated  research 
goal,  I  proposed  to  develop  techniques  for  measuring  in  vivo  pC>2  and  pH  of  HER2 -positive  and  negative 
primary  tumors  in  murine  models  of  breast  cancer  using  multiphoton  laser  scanning  microscopy  (MPLSM). 
The  emphasis  of  year  1  was  to  design,  develop  and  implement  these  techniques  using  a  multiphoton  microscope 
and  to  quantify  in  vivo  pC>2  and  pH  in  an  orthotopic  murine  breast  cancer  model. 

Body: 

Year  1  of  this  training  award  focused  on  quantifying  in  vivo  pC>2  and  pH  in  breast  cancer  tumors  in  the 
MFP  of  female  SCID  mice  using  multiphoton  microscopy.  The  major  goals  as  outlined  in  the  SOW  were 
i.)  develop  methods  to  perform  phosphorescence  quenching  microscopy  with  MPLSM;  ii.)  develop  methods  to 
measure  pH  with  fluorescence  ratiometric  imaging  (FRIM)  using  MPLSM;  iii.)  in  vivo  application  of  these 
techniques  to  chart  the  progression  of  the  breast  cancer  microenvironment. 

Development  of  MPLSM-PQM  system  to  quantify  pO?:  To  measure  p02,  the  technique  of  phosphorescence 
quenching  microscopy  (PQM)  using  the  oxygen  sensitive  porphyrin  dendrimer,  OxyphorRT,1  was  adapted  to 
MPLSM.  Quenching  of  the  phosphorescence  decay  of  porphyrin  moieties  has  been  commonly  used  to  measure 
oxygen  in  a  number  of  different  experimental  settings2.  However,  most  porphyrin  molecules  used  in 
phosphorescence  quenching  experiments  demonstrate  a  negligible  two-photon  absorption  cross-section3  (not 
easily  excitable  by  MPLSM)  and  can  act  as  optical  limiters4  through  excitation  to  higher-order  excited  states 
due  to  the  long  lifetime  of  the  triplet  state  from  whence  phosphorescence  occurs.  Additionally,  the  long  lifetime 
of  the  porphyrin  molecule  (50-100’s  ps)  means  the  quantum  yield  (photons  emitted)  is  distributed  over  a  long 
period  instead  of  a  large  burst. 

The  initial  technical  challenges  that  had  to  be  addressed  was  to  find  an  appropriate  excitation 
wavelength  permitting  two-photon  excitation  of  OxyphorR2  and  a  sensitive  enough  detector  to  detect  the 
phosphorescence  decay.  I  found  that  OxyphorR2  could  be  excited  in  the  range  of  800  to  920nm  and  selected 
900nm  due  to  improved  depth  penetration  and  decreased  tissue  photodamage.  Excitation  at  900nm  also 
exhibited  excellent  two-photon  excitation  (Figure  1).  Ordinary  multiphoton  microscopy  imaging 

photomultiplier  tubes  (PMTs)  are  not  sensitive  enough  to  the  peak  emission  wavelengths  of  OxyphorR2  nor  to 
detect  the  limited  photon  counts.  I  found  GaAs  (Gallium-Arsenide)  PMTs  to  be  an  acceptable  photon  counting 
detector  (quantum  efficiency  at  690nm  ~  10%)  for  this  purpose.  Avalanche  photodiodes  (APDs)  are  even  more 
sensitive  detectors,  QE  ~  70%,  at  these  wavelengths,  but  have  a  small  detector  area  (~140  pm),  thus  requiring 
the  sample  to  be  translated  or  descanning  detection  rather  than  scanning  the  beam  for  measurements  and 
epifluorescenct  detection.  All  calibration  and  in  vivo  data  thus  far  have  been  taken  with  a  GaAs  PMT,  though  I 
plan  to  adapt  an  APD  in  the  future  to  potentially  speed  up  the  pC>2  measurements  by  as  much  as  a  factor  of  7. 

The  components  required  for  phosphorescence  quenching  microscopy  using  OxyphorR2  as  the  oxygen 
sensor  are  easily  adapted  to  MPLSM.  Figure  2 A  illustrates  the  experimental  modifications  made  to  the 
traditional  MPLSM  setup.  Briefly,  an  electro-optic  modulator  (Pockels’  Cell,  Conoptics)  is  placed  in  the 
excitation  pathway  of  the  femtosecond  Ti-Sapphire  laser.  This  provides  the  ability  to  permit  only  limited  pulses 
of  the  excitation  light  as  seen  in  Figure  2B.  The  large  peak  in  the  raw  data  is  due  to  the  excitation  pulse,  while 
the  decay  occurs  when  no  excitation  light  is  applied  to  the  sample.  Custom-built  electronics  and  Labview 
software  are  used  to  drive  the  Pockels’  cell  and  collect  data.  The  scan  box  (Olympus  Flouview  300)  parks  the 


4 


laser  beam  and  a  20X  0.95NA  objective  is  used  to  both  excite  the  porphyrin  and  collect  the  phosphorescence. 
A  sensitive  photon  counting  detector  (GaAs  PMT)  is  placed  in  the  epifluorescence  emission  pathway  with  an 
appropriate  bandpass  filter  centered  on  the  phosphorescence  emission.  Shortpass  filters  can  also  be  used  to 
further  limit  the  scattered  excitation  laser  light  from  reaching  the  detector.  The  electronic  pulses  from  the  PMT 
are  then  binned  to  build  a  photon  counting  histogram  using  a  multichannel  scaler  (SR430,  Stanford  Research 
Systems).  The  raw  data  is  then  fit  to  a  single  or  multi-exponential  decay  (Figure  2C,  D).  Imaging  of  the  sample 
can  also  be  performed  with  this  setup  using  other  imaging  detectors  located  in  the  emission  path  below  the 
phosphorescence  detector.  Depending  on  sample  type,  reporter  molecule  concentrations,  and  excitation  power  a 
single  pC>2  measurement  can  take  anywhere  from  0.5  -  3  seconds. 

To  obtain  quantitative  values  for  oxygen  concentration,  pC>2,  the  oxygen  sensor  must  be  calibrated.  The 
interaction  between  phosphorescence  lifetime  of  the  porphyrin  and  pC>2  is  known  as  the  Stem-Volmer 
relationship.  The  Stem-Volmer  relationship  is  defined  by  a  given  quenching  constant  and  lifetime  of  the 
oxygen  sensitive  phosphor  at  zero  pC>2  (known  as  To).  Typically,  this  relationship  is  found  by  linearly  fitting  the 
inverse  of  the  lifetime  at  different  oxygen  concentrations.5  The  Stem-Volmer  relationship  is  due  to  a  bi- 
molecular  quenching  reaction  between  the  excited  triplet  state  of  the  porphyrin  and  oxygen  molecules. 
Anything  that  interferes  with  this  bi-molecular  reaction,  such  as  binding  to  proteins,  can  affect  the  lifetime  of 
the  phosphor  and  thus  the  quenching  constant  and  To.  Therefore,  oxygen  calibrations  must  be  performed  in 
solutions  with  the  appropriate  percent-weight  of  albumin  for  in  vivo  measurements.  It  has  been  reported  that  for 
the  OxyphorR2  sensor  this  process  is  saturated  at  albumin  concentrations  found  in  vivo  (~  2-4%). 5 

To  perform  calibration  of  the  oxygen  sensor  using  MPLSM-PQM,  I  designed  an  air-tight  recirculation 
system.  The  calibration  setup  employs  a  peristaltic  pump  and  fiber  oxygenator  to  modulate  the  pC>2  of  a 
circulating  solution  of  porphyrin  in  PBS  with  or  without  BSA.  An  oxygen-impermeable  quartz  flow-cell  with 
<0.5mm  walls  permits  excitation  of  the  porphyrin  solution  by  MPLSM-PQM.  Independent  measurements  of 
p02  are  obtained  by  the  FOXY  fiber-optic  oxygen  sensor  (Ocean  Optics)  placed  in  a  custom-built  reservoir  in 
the  recirculation  system.  Additionally,  known  mixes  of  oxygen  and  nitrogen  are  applied  to  the  oxygenator.  All 
interconnected  tubing  is  gas-impermeable  Tygon  tubing. 

As  described  in  the  literature  the  effect  of  albumin  is  saturated  between  2-4%  by-weight  in  solution. 5 
Ionic  content  and  pH  have  very  little  effect  on  the  Stem-Volmer  relationship  for  OxyphorR2.  Temperature  does 
have  a  profound  effect  on  the  phosphor  lifetime  because  quenching  increases  with  rising  temperature. 
Excitation  wavelengths  below  875nm  also  appear  to  have  an  effect  on  the  Stem-Volmer  relationship,  though  it 
is  unclear  if  this  is  due  to  the  sensitivity  of  the  detector  to  shorter  excitation  wavelengths  or  unknown 
photophysical  processes.  Therefore,  all  calibration  for  in  vivo  work  should  be  carried  out  at  37°C,  4%  albumin 
and  at  the  given  excitation  wavelength.  Figure  3  illustrates  the  Stem-Volmer  relationship  for  OxyphorR2  at 
room  temperature  (25°C)  with  the  quenching  constant  (kq)  and  To  comparable  to  previous  reports.5 

Development  of  MPLSM-FRIM  system  to  quantify  pH:  The  original  objective  of  the  proposal  as  outlined  in 
the  SOW  was  to  utilize  fluorescence  ratiometric  imaging  of  BCECF  6  or  2,3-dicyanohydroquinone  (DCHQ) 7  to 
quantify  in  vivo  pH.  However,  BCECF  could  not  be  used  as  a  ratiometric  fluorescent  probe  of  pH  because  the 
acid  and  base  forms  of  the  molecule  do  not  have  an  excitation  wavelength  where  their  two-photon  absorption 
cross-sections  are  equal.  This  means  that  one  form  will  always  dominate  the  fluorescence  emission  making 
ratiometric  imaging  untenable.  DCHQ,  an  adequate  ratiometric  pH  sensor  that  has  been  demonstrated  with 
two-photon  excitation7,  could  prove  toxic  to  living  animals  and  thus  should  be  encapsulated  in  liposomes  for  in 
vivo  use.  To  surmount  these  obstacles  and  develop  an  ideal  ratiometric  probe  to  measure  in  vivo  pH  using 
MPLSM,  I  have  been  collaborating  with  the  Bawendi  and  Nocera  groups  at  MIT  on  the  use  of  Forster 
Resonance  Energy  Transfer  (FRET)  -based  ratiometric  pH  probes  utilizing  semiconductor  nanocrystals  (NCs, 
also  know  as  quantum  dots). 

A  brief  background  on  semiconductor  nanocrystals  illustrates  their  significance  as  the  basis  for  a  pH 
biosensor  for  multiphoton  microscopy:  NC’s  are  increasingly  used  in  biological  research  as  fluorescent  tracers 
in  microscopy  8’ 9,  imaging  molecular  targets  10,  cell  tracking  n’  12,  and  sensing  B.  NCs  are  well  suited  for 
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biological  imaging  with  MPLSM  due  to  their  intrinsic  characteristics:  high  quantum  yield,  photostability, 
narrow  photoluminescence  peak,  and  broad  excitation  spectra  14 .  NCs  have  proven  reliable  fluorescent  markers 
for  multicolor  simultaneous  imaging  in  vivo  because  of  an  unparalleled  two-photon  excitation  cross-section.  15 

Recent  work  has  shown  promise  for  NCs  -  acting  as  donors  in  FRET  -  to  construct  sensing  modalities  16 
including  those  for  biological  analytes  such  as  maltose  .  Linking  a  NC  to  an  environmentally  sensitive 

fluorescent  dye  in  which  there  is  a  donor-acceptor  FRET  relationship  allows  for  ratiometric  spectral  comparison 
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(via  modulation  of  energy  transfer  or  dye  emission  lifetime/intensity)  dependent  upon  analyte  concentration 
(see  Snee  et  al.  J.  Am.  Chem.  Soc.  2006,  Appendix  B).  With  judicious  dye  selection,  so  that  there  is  limited 
direct  excitation,  a  reversible  internally  calibrated  ratiometric  biosensor  is  possible  due  to  the  photostability  and 
environmental  insensitivity  of  the  NC.  The  entire  construct  inherits  the  broad  excitation  spectrum  and  large  two- 
photon  excitation  cross-section  of  the  NC  -  highly  desirable  attributes  for  use  in  vivo  with  MPLSM.  The 
ratiometric  FRET-based  NC  biosensors  I  am  applying  to  measure  in  vivo  pH  are  significant  in  that  they  are 
reversible  and  self-referencing,  an  innovation  over  previous  designs  19  (see  Somers  et  al.  Chem.  Soc.  Rev.  2007, 
Appendix  B). 

Initial  work  by  the  Nocera  and  Bawendi  groups  on  a  pH  sensitive  squaraine  dye  linked  to  an  NC  core 
allowed  for  self-referenced  pH  sensing  18.  This  complex  had  a  pKa  that  was  too  basic  (~  8.8)  for  in  vivo 
measurements.  Additionally,  the  coupling  mechanism  between  the  NC  core  and  dye  molecule  was  based  on 
ester  bonds,  which  can  be  easily  hydrolyzed  in  the  circulation.  Building  on  this  work  in  a  collaborative  effort, 
we  have  developed  a  pH  biosensor  that  is  a  NC  core  conjugated  to  carboxy  SNARF-5F,  a  pH  sensitive  dye  with 
a  pKa  ~  7.2  20 .  The  NC-SNARF  construct  also  utilizes  amide  bonds  for  coupling  NC  to  dye.  The  NC-biosensor 
has  a  two  photon  action  cross-section  that  mirrors  that  of  free  NC  indicating  that  the  emission  of  the  dye  is  due 
to  FRET  and  not  direct  excitation  (Figure  4). 

Initial  characterization  (including  in  vivo)  and  calibration  measurements  of  the  NC-biosensor  were 
carried  out  by  collecting  the  emission  spectra  during  MPLSM.  Briefly,  the  epifluorescence  emission  light  was 
coupled  into  a  fiber  bundle,  which  illuminated  the  slit  of  a  spectrograph  with  a  high-sensitivity  CCD  detector 
(Shamrock/Newton,  Andor)  Calibration  of  the  pH  biosensor  was  performed  in  phosphate  buffers  containing 
4%  bovine  serum  albumin  (BSA)  from  pH  6  to  8  at  37°C.  The  introduction  of  BSA  explores  the  effect  of 
scattering  media  and  potential  binding  on  the  ratiometric  emission  of  the  pH  biosensor.  Figure  5  shows  the 
normalized  emission  spectra  and  calibration  curve  based  upon  ratio  of  the  SNARF  to  NC  peak  emission. 
Similar  results  can  also  be  obtained  using  a  dichroic  filter  at  the  isosbestic  point  (~585nm)  of  the  construct  and 
imaging  with  two  PMTs  employing  appropriate  bandpass  filters  to  separately  integrate  the  emission  from  the 
dot  and  dye.  This  suggests  the  ease  at  which  in  vivo  measurements  may  be  made  by  ratiometric  imaging. 

Development  and  usage  of  this  new  NC  pH  biosensor  coupled  with  technical  issues  regarding  attempts 
to  use  the  proposed  ratiometric  pH  sensors  has  led  to  a  deviation  in  the  two-photon  pH  sensor  portion  of  the 
SOW  and  added  slight  delay  of  approximately  3  months.  The  adjustment  to  the  SOW  only  regards  the  pH 
sensor  applied  for  measuring  in  vivo  pH  and  not  the  overall  Aims.  Furthermore,  the  NC-based  pH  biosensor 
provides  both  a  powerful  new  tool  for  in  vivo  imaging  and  is  fully  compatible  with  the  MPLSM  p02  technique 
permitting  simultaneous  measurements. 

In  vivo  application  of  MPLSM-PQM  and  NC-biosensor  in  murine  models  of  breast  cancer: 

Animal  Model  -  Chronic  window  MFP  chamber  -  The  chronic  window  chamber  model  implanted  on  the  MFP 
of  female  mice  (Figure  6)  permits  continuous  observation  of  orthotopic  breast  cancer  during  tumor  progression 
and  treatment.  The  surgery  is  relatively  simple  and  takes  25-30  minutes  per  mouse  for  chamber  implantation. 
Briefly,  the  mouse  is  shaved  and  denuded  midline  to  midline  over  the  area  of  MFP  #3.  The  #3  nipple  is  used  as 
a  marker  to  create  a  flap  containing  the  MFP,  superficial  epigastric  vein  and  mammary  artery.  The  back  half  of 
the  titanium  chamber  is  then  sutured  onto  the  flap.  The  tissue  around  the  lower  screws  is  resected  to  allow 
penetration  to  the  front  side  of  the  chamber.  The  front  half  of  the  titanium  chamber  is  temporarily  placed  and 
used  to  outline  the  area  of  skin  for  the  window.  The  skin,  fat  and  some  subcutaneous  muscle  is  carefully 
dissected  away  to  expose  the  MFP.  The  front  of  the  chamber  with  cover  glass  is  placed  in  position,  screwed 
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down  and  sutured  in  place.  The  cell  lines  used  in  this  study  (MDA-MB-361HK  and  MDA-MD-231)  can  both 
be  implanted  after  chamber  placement  and  allowed  to  grow.  To  determine  if  chamber  placement  is  possible 
after  tumor  implantation,  tumor  cells  (~2M)  were  injected  subcutaneously  beneath  the  #3  nipple  and  allowed  to 
grow  to  2  -  5  mm  in  diameter.  Successful  chamber  placement  was  possible  in  all  cases,  which  suggests  that 
chamber  placement  will  be  possible  on  spontaneous  mammary  carcinomas,  such  as  the  PyMT-MMTV  mouse 
21 ,  around  the  #2  and  #3  MFPs. 

In  vivo  pC>2  measurements  -  An  initial  obstacle  to  the  application  of  MPLSM-PQM  with  OxyphorR2  in  living 
tumors  implanted  in  the  murine  MFP  chamber  model  was  the  delivery  of  the  oxygen  sensor  to  the  interstitium. 
I  attempted  three  methods  to  introduce  the  phosphor  into  the  tumor.  The  ideal  delivery  method  is  intravenously 
through  the  tail  vein  of  the  mouse.  To  accomplish  this,  OxyphorR2  dissolved  in  PBS  was  given  i.v.  through  the 
dorsal  tail  vein  at  a  dosage  of  65-100mg/kg.  At  these  dosages,  very  little  signal  in  the  interstitium  was 
detectable  within  the  first  hour  after  administration.  If  more  time  is  allowed  to  pass,  additional  phosphor 
diffuses  into  the  interstitium.  I  found  that  twenty-four  to  forty-eight  hours  after  i.v.  injection  provide  the  best 
signal  throughout  the  tumor  suggesting  the  phosphor  had  broadly  diffused.  I  even  discovered  that  in  many 
cases  it  is  possible  to  measure  pC>2  up  to  36  hours  after  the  initial  injection,  suggesting  repeatable  measurements 
are  possible  without  additional  injections.  It  is  important  to  note  that  because  pC>2  measurements  with  PQM  are 
based  on  lifetime  and  not  intensity,  the  phosphor  is  not  required  to  have  uniform  distribution  within  the 
interstitium.  The  two  other  methods  of  administration  involve  directly  applying  the  phosphor  to  the  tumor 
through  superfusion  or  microinjection.  Both  methods  permit  the  use  of  much  more  dilute  concentrations  of 
phosphor,  but  also  disturb  the  tumor  microenvironment  through  removal  of  the  cover  glass  or  insertion  of  a 
micropipette  into  the  tumor.  With  all  three  cases  of  administration,  equivalent  pC>2  values  are  obtained  in 
similar  tumor  models.  For  “normal”  mock-implanted  chambers,  superfusion  is  often  the  method  of  choice  due 
to  decreased  extravasation  of  the  phosphor  into  normal  interstitium. 

In  vivo  measurements  of  pC>2  are  taken  with  the  MPLSM-PQM  instrument  described  above  using  the 
range  of  excitation  powers  presented  in  Figure  1  to  ensure  two-photon  excitation  at  900nm.  OxyphorR2  (65- 
lOOmg/kg)  dissolved  in  PBS  is  injected  i.v.  twenty- four  hours  before  imaging.  Just  prior  to  imaging,  0.1  ml  of  a 
mixture  containing  lOmg/ml  OxyphorR2  and  8  mg/ml  FITC-dextran  2M  is  injected  i.v.  to  permit  intravascular 
p02  measurements  and  imaging  of  vascular  morphology,  respectively.  The  laser  beam  is  then  parked  at  various 
locations  throughout  the  tumor  to  measure  both  intravascular  and  interstitial  pC>2  as  well  as  three-dimensioanl 
pC>2  profiles  around  blood  vessels.  The  technique  exhibited  improved  depth  penetration  (up  to  400  pm)  in 
comparison  to  single-photon  PQM. 

Intravascular  measurements  demonstrated  pC>2  values  similar  to  those  presented  in  the  literature  for  the 
appropriate  vessel  sizes.  Figure  7  contains  a  table  of  average  intravascular  pC>2  values  for  two  different  types  of 
vessels  and  an  image  of  capillaries  in  a  mock-transplanted  chamber.  These  values  compare  favorably  to  those 
previously  reported  in  the  literature  22 .  One  potential  issue  concerning  intravascular  measurements  is  the 
distance  an  excited  porphyrin  molecule  may  travel  in  the  vessel  before  being  quenching  by  oxygen  or  emitting  a 
photon.  For  typical  p02  values  (15-80  torr),  a  porphyrin  molecule  may  travel  up  to  200  microns  in  a  vessel 
before  phosphorescing  or  colliding  with  oxygen.  However,  the  lower  the  p02  is  in  a  vessel  in  peripheral  tissue, 
the  slower  the  flow.  For  measurements  in  the  interstitium  the  porphyrin  molecule  does  not  diffuse  fast  enough 
on  average  to  exit  the  two-photon  excitation  spot  suggesting  the  resolution  for  pC>2  measurements  is  on  the 
order  of  the  multiphoton  microscope.  In  a  model  of  murine  mammary  carcinoma  (MCalV),  the  tumor  blood 
vessels  display  a  lack  of  heterogeneity  in  vessels  with  diameters  lest  than  50  pm  (Figure  8).  This  suggests  that 
intravascular  measurements  alone  are  not  enough  to  understand  the  functional  dynamics  of  the  tumor 
vasculature. 

Initially,  it  was  very  difficult  to  perform  interstitial  measurements  of  pC>2  due  to  limited  extravasation  of 
the  phosphor  into  the  interstitium.  However,  by  injecting  24  hours  in  advance  enough  phosphor  diffuses 
throughout  the  interstitium  to  perform  pC>2  measurements.  Comparing  radial  profiles  in  tumors  and  normal 
tissue  a  number  of  differences  are  obvious  (Figure  9).  The  average  pC>2  in  both  the  tumor  blood  vessels  and 
interstitium  is  lower  than  that  in  normal  tissue.  It  is  also  advantageous  to  examine  the  axial  and  radial  profiles 
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on  the  same  vessel,  which  is  not  easily  possible  without  MPLSM-PQM.  Figure  10  demonstrates  how  different 
the  radial  and  axial  profiles  can  be  for  a  given  vessel  in  a  tumor.  This  suggests  that  the  three-dimensional 
profile  of  a  tumor  vessel  is  far  more  complex  than  the  Krogh  cylinder  model 23  can  describe. 

Using  phosphorescence  quenching,  OxyphorR2  may  be  able  to  quantify  relative  amounts  of  protein  in 
the  tumor  interstitium.  The  majority  of  in  vivo  interstitial  measurements  exhibit  a  multicomponent  decay 
including  both  a  fast  and  slow  decay.  The  slow  decay  is  typically  70-100%  of  the  emitted  phosphorescence  in  a 
given  measurement  and  permits  statistically  adequate  fitting  of  the  data  by  a  single-exponential  decay  as  seen  in 
the  residuals.  However,  further  understanding  of  the  fast  component  fraction,  which  is  most  likely  freely 
diffusing,  may  lead  to  methods  for  quantifying  proteins  that  bind  to  the  phosphor.  This  is  certainly  a  research 
topic  worth  pursuing  as  it  would  add  additional  functional  data  about  the  tumor  microenvironment. 

In  vivo  pH  measurements  -  The  application  of  the  NC-based  pH  biosensor  has  been  hampered  by  biofouling  in 
vivo.  Essentially,  many  of  the  coatings  used  to  prepare  the  NCs  to  be  soluble  and  attach  to  SNARF  demonstrate 
non-specific  binding  to  intravascular  cells  and  endothelium.  This  meant  that  not  enough  pH  biosensor  could 
extravasate  into  the  tumor  interstitium  even  if  the  hydrodynamic  radius  of  the  construct  was  relatively  small 
(<  5nm).  Even  with  direct  intratumoral  injection,  binding  of  the  pH  biosensor  to  extracellular  matrix 
components  was  still  observed.  However,  it  was  still  possible  to  measure  intravascular  pH  (Figure  11).  With 
my  collaborators  from  the  Bawendi  and  Nocera  groups,  we  explored  different  types  (quantomer,  dendrimer,  and 
PEGylation)  and  charges  (100%  amine,  100%  hydroxyl  group  or  a  mix).  From  our  studies  we  found  that  the 
amino-PEGylated  constructs  did  not  bind  in  vivo  (Figure  12)  and  extravasated  to  a  large  extent  from  the  tumor 
vasculature  within  a  couple  hours.  The  in  vitro  data  given  above  was  completed  using  amino-PEGylated  NC 
pH  biosensor  constructs.  The  various  constructs  listed  above  have  also  been  tested  over  a  period  of  3  months 
for  toxicity  in  mice  and  none  has  yet  been  observed.  We  are  now  synthesizing  more  of  this  construct  and  will 
be  performing  in  vivo  measurements  as  outlined  in  the  Statement  of  Work. 

Breast  Cancer  Training  Program:  With  respect  to  the  longitudinal  clinic  and  coursework  described  in  the 
proposed  breast  cancer  training  program,  I  completed  both  a  clinical  course  in  the  MGH  Department  of 
Radiation  Oncology  on  radiation  biology  as  it  pertains  to  clinical  treatment  and  a  course  at  MIT  entitled 
“Magnetic  Resonance  Analytic,  Biochemical  and  Imaging  Techniques”.  I  also  taught  3  sections  in  the  Steele 
Lab  for  Tumor  Biology  laboratory  course:  Light  Microscopy,  Fluorescence  Recovery  After  Photobleaching 
(techniques  to  measure  in  vivo  macromolecular  diffusion),  and  Multiphoton  Microscopy.  As  part  of  my 
research  program  during  this  past  year,  I  built  a  new  multiphoton  laser  scanning  microscope  and  incorporated 
the  components  for  performing  pC>2  measurements  and  a  spectrometer  for  multispectral  imaging.  In  Year  2,  I 
will  begin  shadowing  physicians  in  the  breast  clinic  and  will  also  participate  as  a  research  assistant  in  a  clinical 
study  on  breast  cancer  as  part  of  my  training  in  the  Medical  Engineering  and  Medical  Physics  graduate  program 
at  MIT. 

Key  Research  Accomplishments: 

•  Developed  a  MPLSM-PQM  system  for  quantifying  oxygen  concentration  (pC>2) 

•  Adapted  MPLSM-PQM  technique  to  models  of  breast  cancer  to  measure  in  vivo  pC>2 

•  Identified  three-dimensional  pC>2  profiles  from  tumor  vessels  as  the  most  informative  functional 
parameter  versus  random  intravascular  measurements 

•  Developed  and  calibrated  a  novel  semiconductor  nanocrystal-based  pH  biosensor  using  MPSLM 

•  Implemented  the  mammary  fat  pad  chamber  model  on  female  mice  with  pre-implanted  tumors, 
suggesting  that  the  chamber  should  work  with  spontaneous  models  of  murine  breast  cancer. 
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Reportable  Outcomes: 

No  reportable  outcomes  at  this  time  as  defined  by  the  reporting  procedures. 

Paper  is  in  preparation  regarding  quantifying  in  vivo  tumor  p02  using  MPLSM. 

Paper  is  in  preparation  regarding  NC-based  in  vivo  biosensor  for  quantifying  tumor  pH. 

Conclusion: 

The  goals  of  the  1st  year  of  this  project  were  to  develop  techniques  to  quantify  p02  and  pH  using 
multiphoton  microscopy  and  apply  these  methods  to  study  the  in  vivo  tumor  microenvironment  in  an  orthotopic 
murine  model  of  breast  cancer. 

The  adaptation  of  phosphorescence  quenching  microscopy  to  the  MPLSM  has  resulted  in  the  ability  to 
quantify  in  vivo  pC>2  intravascularly  and  measure  three-dimensional  oxygen  profiles  around  vessels.  The  higher 
resolution  (~  1pm3)  and  significant  depth  penetration  (up  to  400pm)  is  a  major  improvement  over  single-photon 
PQM  and  invasive  microelectrode  methods.  The  measurement  speed  is  slower  than  ideal  (0.5  to  3  seconds  per 
point),  but  may  be  improved  with  a  more  sensitive  optical  detector.  Future  plans  for  optimizing  multiphoton 
PQM  include  using  a  high-sensitivity  avalanche  photodiode  detector  and  a  motorized  XYZ  stage  for  quickly 
scanning  three-dimensional  profiles  around  vessels. 

Development  of  pH  sensitive  ratiometric  imaging  with  MPLSM  using  commercially  available  optical 
pH  indicators  proved  difficult  due  to  unbalanced  two-photon  excitation  between  the  acid  and  base  forms 
(BCECF)  or  potential  toxicity  (DHCQ).  To  overcome  this  problem,  a  reversible,  internally  calibrated 
ratiometric  pH  biosensor  based  on  FRET  between  a  semiconductor  nanocrystal  and  pH-sensitive  dye  has  been 
developed  and  applied  to  multiphoton  microscopy  with  encouraging  results.  As  described,  the  NC  pH 
biosensor  demonstrates  ideal  optical  properties  for  imaging  with  MPLSM.  However,  in  vivo  work  has  been 
hampered  due  to  biocompatibility  issues  of  the  solublilizing  coating  of  NC-construct  causing  non-specific 
binding  and  limited  extravasation  into  the  interstitial  space.  Amino-PEGylating  the  NCs  and  utilizing  amide 
bonds  for  attachment  of  the  pH  sensitive  dye  vastly  improved  the  pH  biosensor  biocompatibility  and  diffusion 
into  the  tumor  interstitium.  This  pH  biosensor  will  soon  be  combined  with  pC>2  measurements  with  the  MPLSM 
to  complete  the  tasks  of  measuring  pC>2  and  pH  in  the  tumor  microenvironment  of  HER2-positive  and  negative 
breast  cancer  during  tumor  progression  in  the  MFP  chamber  model. 

Both  the  pC>2  and  NC-based  pH  biosensor  techniques  utilizing  MPLSM  are  important  additional  tools 
for  further  understanding  preclinical  translational  research  models  of  breast  cancer.  Application  of  these 
techniques  to  further  our  understanding  of  functional  changes  in  tumor  physiology  during  different  treatment 
regimens  may  help  us  more  rationally  design  treatment  programs  in  the  clinic.  Independently,  pC>2 
measurements  with  a  porphyrin  moiety  have  demonstrated  that  it  is  possible  to  utilize  porphyrin  molecules  with 
MPLSM.  This  could  prove  useful  for  individuals  studying  targeted  photodynamic  therapy  which  often  uses 
porphyrin-based  molecules  as  the  source  of  cytotoxic  free-radicals  in  cancer  treatment.  Furthermore,  evidence 
of  the  use  of  FRET-based  NC  biosensors  for  pH  demonstrates  proof-of-principle  that  other  NC-based 
biosensors  for  different  analytes  (calcium,  oxygen,  sodium,  glucose,  etc)  may  be  easily  achievable. 
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Figure  1:  Nonlinear  excitation  of  the  porphyrin  oxygen  sensor  using  900nm 
excitation  light  from  the  femtosecond  laser  source.  A  slope  of  2  in  a  log-log  plot  of 
emitted  photons  versus  excitation  power  indicates  two-photon  absorption  by  a 
molecule  during  the  excitation  from  the  ground  state. 
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Single  Exponential  Decay 


Figure  2:  MPLSM-PQM  Setup  and  Data  Acquisition  -  A.)  Experimental  modifications  of 
MPLSM.  B.)  Raw  data  collected  from  photon  counter  C.)  Signal  fit  to  single  or  multi-component 
exponential  decay  D.)  Processed  phosphorescence  decay  data  and  fit. 
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p02  Calibration  @  25  C 


Figure  3:  Calibration  of  OxyphorR2  using  MPLSM-PQM  at  900nm 
excitation.  The  linear  Stem-Volmer  relationship  is  given  in  the  lower  right. 
The  To  and  quenching  constant  (kq)  are  listed  for  the  given  linear  fit. 
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Normalized  2-photon  Action  Cross-sections 


Figure  4:  Two-photon  action  cross-sections  of  FRET-based  NC-SNARF  pH  Biosensor  -  The 
action-cross  section  of  a  molecule  is  a  relative  measure  of  the  excitation  spectrum  for  MPLSM. 
In  this  case  all  cross-sections  are  normalized  to  their  maximum  to  highlight  the  similarities  and 
differences  between  the  profiles.  It  is  apparent  that  the  NC  only  and  NC  pH  biosensor  have 
share  the  same  form,  while  that  of  the  SNARF  alone  has  a  large  peak  around  850nm.  It  should 
be  noted  that  the  actual  values  of  the  cross-section  are  much  larger  for  the  NC  and  NC  biosensor 
than  that  of  SNARF. 
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Figure  5:  The  left  portion  of  this  figure  shows  the  normalized  emission  spectra  of  the  NC-SNARF  pH  biosensor  due  to  excitation  by  multiphoton  microscopy.  The 
light  blue  line  indicates  the  isosbestic  point  and  the  location  at  which  a  dichroic  can  be  placed  to  permit  imaging  calibration  using  two  PMTs.  The  right-hand  plot 
demonstrates  a  calibration  curve  for  the  pH  biosensor  based  on  the  ratio  of  the  SNARF  peak  emission  to  that  of  the  NC.  Note  that  it  appears  very  similar  in  nature  to  an 
acid/base  titration  curve  and  that  the  pKa  is  ~  7.2  -  close  to  that  of  free  SNARF.  Each  point  is  an  average  of  3  measurements. 
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Figure  6:  Mammary  fat  pad  chronic  window  chamber  model  on  a  female  SCID 
mouse  with  a  MDA-MB-231  tumor  growing  orthotopically. 
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Normal  Murine  Vascular  Network 


Vessel 

Mean  p02 

Artery  (A3) 

49.65±24.47 

Capillary  1  (8  pm) 

14.41±1 .66 

Capillary  2  (10  pm) 

19.08±868 

Capillary  3  (8  pm) 

22.97±0.80 

Figure  7 :  Table  illustrating  the  mean  p02  in  torr  in  normal  blood  vessels  in  the 
murine  chamber  models.  The  image  shows  a  normal  capillary  network  and  an  8 
pm  capillary  (red  arrow).  The  shadows  of  RBCs  are  visible  flowing  through  this 
vessek. 
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Oxygen  (mmHg) 


Vessel  Size  vs.  Oxygenation 


Figure  8:  Chart  showing  the  distribution  of  pC>2  values  in  the  tumor  vesseles 
of  a  murine  mammary  carcinoma  (MCalV)  implanted  in  the  MFP  chamber. 
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Vessel  Radial  Profile  Comparison 
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Figure  9:  Radial  oxygen  profiles  as  measured  by  MPLSM-PQM  from  randomly 
selected  vessels  in  tumors  and  mock-transplanted  chambers..  Blue  -  normal 
chamber  vessels.  Red  -  tumor  vessels.  The  dashed  line  delineates  a  functional 
separation  between  the  two  groups  of  vessels.  The  diagram  in  the  upper  right  of  the 
plot  inidicates  the  direction  of  measurement  for  the  profiles. 
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Figure  10:  For  a  given  tumor  vessel,  the  radial  and  axial  linear  profiles  can  be 
very  different  suggesting  a  complex  three-dimensional  profile.  The  diagram  in  the 
upper  left  demonstrates  the  axes  for  the  radial  (xy)  and  axial  (z)  profiles. 
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In  vivo  Emission  Spectra  of  NC-SNARF  pH  Biosensor 


Figure  11:  Emission  spectrum  ofNC-biosensor  obtained  in  vivo  in  a 
LLC1  tumor  vessel.  The  NC  peak  is  far  larger  than  the  pH-sensitive  dye 
peak  making  analysis  by  imaging  difficult.  The  ratio  of  the  SNARF  to  the 
NC  peak  gives  a  value  of  0.09,  which  according  to  figure  5  is  a  pH  of  ~  7. 
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In  vivo  Extravasation  of  Amino-PEG  Nanocrystals 
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Figure  12:  Intravenously  injected  amino-PEGylated  nanocrystals  demonstrate 
extravasation  from  the  tumor  vasculature  of  an  MCalV  tumor  grown  in  the  MFP 
chamber  less  than  30  minutes  post-injection  with  excitation  by  MPLSM.  When  a 
tumor  vessel  is  imaged,  emission  spectra  show  both  cascade  blue  bound  to  500k 
MW  dextran  (~450nm,  vascular  imaging  agent)  and  NCs  (~555nm).  Only  the  NC 
emission  is  present  in  the  interstitial  space  of  the  tumor  (black,  blue  and  green).  The 
upper  graph  plots  the  peak  NC  emission  versus  distance  between  two  tumor  vessels 
(red  lines)  in  the  focal  plane  of  the  MSPLM  at  150  pm  depth  in  the  tumor. 
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Semiconductor  nanocrystals  (NCs)  serve  as  useful  fluorescent 
labels  owing  to  their  photostability,  continuous  absorption  spectra, 
and  efficient,  narrow,  and  tunable  emission.1-3  These  properties 
of  NCs  have  been  exploited  for  applications  in  biological  imaging4 
and  in  single  particle  tracking  studies.5  Whereas  NCs  are  useful  in 
identifying  position  in  a  microenvironment,  their  intrinsic  insensitiv¬ 
ity  to  the  presence  of  most  biological  or  chemical  agents  renders  them 
of  limited  utility  as  sensing  probes  of  that  microenvironment.  An 
important  step  in  this  direction  has  been  the  recent  development  of 
water-soluble  CdSe  NCs  with  the  ability  to  sense  target  analytes 
irreversibly  using  fluorescence  resonant  energy  transfer  (FRET)  as 
a  signal  transduction  mechanism.6-8  These  previous  studies,  how¬ 
ever,  do  not  demonstrate  reversible  and  ratiometric  chemical  sensing 
using  fluorescent  NCs.  We  now  show  that  a  reversible  NC-based 
fluorescent  sensor  can  be  designed  by  conjugating  a  dye  with  an 
equilibrium  response  to  an  analyte  to  the  surface  of  a  CdSe/ZnS  NC. 
We  show  that  properly  controlling  energy  transfer  between  the  NC 
and  dye  engenders  a  general  method  for  the  development  of  ratio- 
metric  NC  sensors,  thus  providing  a  means  for  detecting  analytes 
with  high  precision,  irrespective  of  changes  in  excitation  intensity, 
wavelength,  or  collection  efficiency.  Our  constructs  thus  remove 
several  difficulties  encountered  with  dye-only-based  ratiometric 
nanoscopic  sensing  systems.9 

High  quality  CdSe  NCs  overcoated  with  ZnS  and  capped  with 
trioctylphosphine  oxide  ligands1011  were  encapsulated  by  a  hydro- 
phobically  modified  poly(acrylic  acid)  (Figure  l).12  The  squaraine 


FRET 


Figure  1.  A  sensor  constructed  from  a  colloidal  CdSe  NC  that  is  overcoated 
with  an  outer  layer  of  ZnS.  The  native  phosphine  oxide  ligands  are 
encapsulated  with  an  amphiphilic  polymer  upon  which  a  pH-sensitive 
squaraine  dye  is  conjugated.  Upon  excitation,  the  CdSe/ZnS  nanocrystal 
may  either  fluoresce  or  transfer  energy  to  the  squaraine  dye.  The  FRET 
efficiency  is  modulated  by  the  environment  as  the  dye’s  absorption  profile 
is  a  function  of  pH.  Consequently,  the  ratio  of  NC  to  dye  emission  becomes 
a  function  of  environmental  variables. 

dye13  shown  in  Figure  1  was  linked  to  the  polymer  backbone  via 
ester  linkages  using  l-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC)  as  the  coupling  agent.  We  have  also  found  that  the  same 
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dye  conjugation  method  may  be  applied  to  water-soluble  NCs  that 
have  been  cap  exchanged  with  thiol-functionalized  poly(ethylene 
glycol)s.14  The  samples  can  be  easily  purified  with  dialysis  filters 
to  ensure  that  unreacted  dyes  are  removed  from  the  sample.  The 
complete  procedures  for  the  synthesis  of  CdSe/ZnS  NCs  and 
squaraine  dye  and  their  subsequent  conjugation  are  given  in  the 
Supporting  Information  (SI). 

The  sensing  action  of  the  NC— squaraine  conjugate  is  imparted 
by  modulation  of  the  FRET  efficiency  arising  from  the  engineered 
overlap  of  the  pH-sensitive  dye  absorption  spectrum  with  the  (pH- 
insensitive)  quantum  dot  emission  (Figure  SI  of  SI).  Owing  to  the 
pH  dependence  of  the  dye  absorption  spectrum,  the  spectral  overlap 
between  the  dye  absorption  and  the  NC  emission  increases  as  the 
pH  is  lowered.  This  spectral  overlap  integral  J  is  directly  related 
to  the  critical  FRET  distance,  R0 ,  which  in  turn  affects  the  energy 
transfer  efficiency  E(R0)  as  shown  in  eq  1 : 

R  ^ 

Jim  =  f  dAepH(A)d(/lU4,  R0  °c  Jm,  E(R0)  =  6°  -  (1) 

Ra  +  R 

where  A  is  wavelength,  £pH(A)  is  the  pH-dependent  molar  absorp¬ 
tivity,  d(A)  is  the  normalized  NC  donor  emission,  and  R  is  the 
donor— acceptor  distance.  The  inset  of  Figure  SI  shows  a  calculation 
of  R0  as  a  function  of  pH;  details  of  the  FRET  calculation  are 
included  in  the  SI.  At  high  pH,  FRET  should  be  inefficient  as  the 
spectral  overlap  is  small.  Hence,  the  emission  spectrum  should  be 
dominated  by  luminescence  from  the  NC.  As  the  pH  is  lowered, 
R0  grows  larger  and  the  FRET  efficiency  increases  owing  to  a 
strengthening  of  the  dye  absorption  cross  section  epH(A).  The  NC 
emission  should  then  be  quenched  as  a  result  of  energy  transfer  to 
the  dye,  which  will  in  turn  become  more  emissive. 

The  experimental  results  shown  in  Figure  2  are  consistent  with 
the  calculated  trend  in  R0  and  expected  FRET  efficiency.  The  inset 
shows  the  response  of  the  absorption  profile  of  the  NC— dye 
conjugate  above  and  below  the  p Ka  (~8.5)  of  the  dye.  As  observed 
for  the  free  dye  in  homogeneous  solution  (Figure  SI),  the  dye 
absorption  band  is  suppressed  under  basic  conditions.  Consequently, 
energy  transfer  from  the  NC  to  the  dye  is  inefficient,  and  the 
emission  spectrum  is  dominated  by  the  NC  at  613  nm.  As  pH  is 
lowered,  the  absorption  cross  section  of  the  dye  is  increased,  and 
FRET  from  the  NC  to  the  dye  becomes  more  efficient;  emission 
from  the  NC— dye  conjugate  is  now  dominated  by  that  of  the  dye 
at  650  nm.  The  largest  changes  occur  near  the  p Ka  of  the  dye.  The 
steady-state  emission  results  are  confirmed  by  time-resolved 
emission  studies  of  the  NC— dye  conjugate.  As  shown  in  Figure 
S3,  NC  emission  of  a  conjugated  sensor  has  a  reduced  lifetime  as 
compared  to  that  of  the  unconjugated  NC.  These  results  establish 
that  the  emission  from  the  NC  donor  is  quenched  by  the  presence 
of  the  organic  dye  acceptor,  as  has  been  previously  observed  in 
other  constructs.6’7 
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Figure  2.  The  emission  profile  of  a  water-soluble  (3.2  nm  radius)  NC— 
squaraine  dye  conjugate  changes  as  a  function  of  pH  (red  solid  line,  6.0; 
orange  dotted  line,  7.0;  yellow  solid  line,  8.0;  green  dotted  line,  9.0;  and 
blue  solid  line,  10)  with  Aex  =  380  nm.  The  normalized  spectra  show  pH 
dependence  with  an  isosbestic  point  appearing  at  640  nm.  The  absorbance 
of  the  squaraine  dye  is  suppressed  in  the  conjugate  at  basic  pHs  as  shown 
in  the  inset.  The  overall  quantum  yield  of  this  construct  is  7  =t  1%. 
Deconvolution  of  the  absorption  spectra  into  dye  and  NC  components  reveals 
that  the  dye  to  NC  ratio  is  (3.4  ±  0.2):  1.  Shown  in  Figure  S2  of  the  SI  are 
the  data  from  a  7.5:1  dye  to  NC  conjugated  sensor. 


750  550  600  650  700 
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Figure  3.  Sensing  of  the  local  pH  by  the  NC/dye  construct  with  variations 
in  the  excitation  intensity  and  local  environment.  The  ratio  of  NC  to  dye 
emission  varies  such  that  pH  is  determined  within  5%  when  altering  the 
slit  entrance  of  the  Xe  lamp  excitation  of  the  fluorimeter  (red  dotted  line, 
0.5  mm;  green  solid  line,  2.00  mm)  and  when  examining  the  construct  within 
a  highly  scattering  media  (blue  solid  line)  shown  by  the  picture  of  the  vial. 
The  inset  shows  that  emission  was  independent  of  excitation  wavelength 
(blue  solid  line,  380  nm;  green  solid  line,  450  nm;  red  solid  line,  520  nm). 


independent  band  shape  (see  inset,  Figure  3),  a  feature  that  is  not 
present  in  single  molecular  ratiometric  sensors.17  Thus,  the  NC— 
dye  conjugate  does  not  need  to  use  two  independent  excitation 
sources  (or  alternatively  a  single  excitation  specifically  at  an 
absorptive  isosbestic  point)  for  proper  function. 

In  summary,  we  have  developed  a  new  strategy  for  chemical 
and  biological  sensing  by  tethering  emissive  water  solubilized  NCs 
to  environmentally  sensitive  dye  molecules.  We  have  observed  a 
ratiometric  response  to  pH  owing  to  modulation  of  FRET  efficiency 
between  the  emissive  NC  and  dyes  conjugated  to  the  NC  surface. 
The  approach  is  general  as  a  sensing  construct  because  the  narrow, 
size-tunable  emission  spectrum  of  NCs  enables  them  to  be  FRET 
donors  that  may  be  easily  custom-engineered  to  match  the  acceptor 
absorption  features  of  a  dye  conjugated  to  the  surface  of  the  NC. 
Taken  together  with  the  broad  excitation  spectmm  and  photostability 
conferred  by  NCs,  the  reversible  and  ratiometric  approach  presented 
here  makes  NCs  versatile  agents  for  chemical  and  biological 
sensing. 
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The  modulation  of  the  FRET  efficiency  by  pH  results  in  an 
emission  dependence  between  the  NC  and  dye  that  is  naturally 
ratiometric.  Notably,  the  change  in  the  NC— dye  emission  occurs 
about  an  isosbestic  point  at  640  nm.  The  solution  pH  can  be  read 
out  precisely  by  taking  the  ratio  of  each  emission  peak  intensity 
(NC  and  dye)  to  the  intensity  at  the  isosbestic  point,  which  functions 
as  an  internal  reference  (or  by  measuring  the  ratio  of  any  two  unique 
points).  This  ratiometric  approach  is  powerful  when  compared  to 
typical  chemo-  and  biosensors  that  display  a  single  intensity-based 
response  to  analytes  (i.e.,  either  brightening  or  darkening)  because 
the  ratiometric  construct  is  not  sensitive  to  fluctuations  of  light 
excitation  or  collection  efficiency  as  sensing  is  self-referencing.1516 

To  highlight  the  importance  of  the  self-referencing  capability  of 
our  constructs  compared  to  other  organic  sensing  nanomaterials, 
we  have  examined  the  results  of  modulating  the  excitation  intensity 
and  wavelength  on  the  normalized  fluorescent  spectra  of  the  sensor 
in  pH  6  and  pH  10  buffered  solutions.  In  separate  experiments, 
~130  nm  silica  microspheres  were  added  to  the  solutions  to  produce 
a  highly  scattering  medium.  The  results  are  shown  in  Figure  3. 
Using  the  ratio  of  NC  to  dye  emission  in  clear  solutions  as  a 
calibration,  we  are  able  to  determine  the  pH  within  5%  when 
altering  the  excitation  intensity  over  ~1  decade  and  varying  the 
composition  of  the  environment.  Such  precision  is  impossible  to 
achieve  for  the  dye  alone.  In  addition,  the  continuous  absorption 
manifold  of  the  CdSe  NCs  results  in  a  excitation-wavelength- 
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Semiconductor  nanocrystals  (NCs)  have  found  application  in  biology  mostly  as  optical  imaging 
agents  where  the  photophysical  properties  of  the  NCs  are  insensitive  to  species  in  their 
environment.  This  tutorial  review  examines  the  application  of  CdSe  NCs  as  optical  sensing  agents 
where  the  NC’s  photophysical  properties  are  sensitive  to  species  in  their  environment.  For  this 
case,  the  NC  is  modified  at  the  surface  with  a  conjugate,  which  interacts  with  an  external  agent  by 
physical  (i.e.  recognition)  or  chemical  means.  Signal  transduction  in  these  chem-bio  (CB)  sensitive 
NCs  is  derived  primarily  from  energy  transfer  between  the  NC  and  the  external  agent,  which 
functions  as  the  energy  transfer  acceptor  or  donor.  Signaling  may  be  obtained  by  directly 
detecting  luminescence  from  the  NC  and/or  the  conjugate.  New  developments  for  the  use  of  NCs 
as  gain  materials  in  micro-lasing  cavities  (distributed  feedback  gratings  and  spherical  resonators) 
opens  the  way  to  designing  CB-sensitive  NCs  for  high-gain  sensing  applications. 
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Semiconductor  nanocrystals  as  fluorophores  and 
imaging  agents 

Inorganic  semiconductor  nanocrystals  (NCs,  also  known  as 
quantum  dots)  are  a  class  of  fluorophores  that  have  attracted 
considerable  interest  owing  to  their  unique  photophysical 
characteristics.  The  electronic  properties  of  NCs  are  deter¬ 
mined  by  the  physical  confinement  of  excitons,  which  are 
excited  electrons  bound  through  Coulombic  interactions  to  the 
holes  left  behind  in  the  valence  band.  Quantum  confinement  in 
semiconductors  occurs  when  the  dimensions  of  the  NC 
approaches  that  of  the  exciton.  The  effective  bandgap  of  the 
NC  widens  with  decreasing  size,  giving  rise  to  unique,  size- 
dependent  optical  and  spectroscopic  properties.1  Broad 
absorption  profiles  and  high  extinction  coefficients  are  com¬ 
plemented  by  a  narrow  (full-width-half-maximum  ~30  nm) 
and  spectrally  tunable  emission  profile.  Fig.  1  shows  the  size- 
dependent  optical  properties  of  CdSe  nanocrystals.  For 
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Fig.  1  Size-dependent  emission  properties  of  highly  luminescent 
CdSe/ZnS  NCs.  From  left  to  right,  solution  emission  maximums  are 
at  470,  480,  520,  560,  594,  and  620  nm.  Photograph  by  Felice  Frankel. 
Quartz  cuvettes  courtesy  of  Spectrocell  Inc.  (Reproduced  with 
permission  from  J.  Phys.  Chem.  B,  1997,  101,  9463. 3  Copyright  1997 
American  Chemical  Society.) 

example,  small  (2.3  nm  diameter)  CdSe  NCs  emit  blue  light 
under  optical  excitation  whereas  their  larger  counterparts 
(5.5  nm  diameter)  emit  red  light.  The  NCs  exhibit  appreciable 
quantum  efficiencies  for  emission,  though  coating  the  outer 
surface  of  NCs  with  higher  band  gap  inorganic  materials 
further  improves  the  photoluminescence  quantum  yield.  The 
coating  presumably  passivates  sites  associated  with  surface 
states  that  promote  nonradiative  recombination.2,3  Along  with 
higher  quantum  yields,  “overcoated”  core/shell  CdSe/ZnS  NCs 
are  more  robust  and  possess  high  photobleaching  thresholds.1 
These  properties  of  NCs  contrast  with  organic  dyes,  which 
tend  to  possess  low  resistance  to  photobleaching,  narrow 
absorption  profiles,  and  emission  spectra  that  tail  to  the  red; 
the  spectral  congestion  that  results  from  the  tailing  emission 
profiles  can  complicate  multi-color  imaging  applications.4 

Despite  the  apparent  advantages  of  NCs  as  compared  to 
organic  dyes,  the  implementation  of  NCs  for  fluorescence 
imaging  was  initially  hampered  by  their  insolubility  in  aqueous 
media  as  a  result  of  the  long-chained  organic  solvents  needed 
for  their  high-temperature  synthesis.  This  obstacle  was  over¬ 
come  by  further  modifying  the  surface  of  the  CdSe  NCs.3 
Alivisatos  and  co-workers  prepared  bio-compatible  CdSe/CdS 
or  CdSe/ZnS  NCs  by  adding  a  third  layer  of  silica  to  the  core/ 
shell.5  Nie  and  co-workers  reported  the  use  of  mercap  to  acetic 
acid  to  cap  the  surface  of  CdSe/ZnS  NCs  to  impart  water- 
solubility.6  The  synthesis  of  water-soluble  NCs  now  includes 
modifications  with  phospholipids,7  amphiphilic  polymers,8 
dendrimers,9  oligomeric  phosphines10  and  cap-exchanging 
the  hydrophobic  surface  of  NCs  with  multidentate  hydrophilic 
ligands.11  These  ligands  have  greatly  facilitated  the  use  of  NCs 
as  bio-imaging  agents  and  probes  because  they  can  be 
conjugated  to  proteins  and  peptides,  such  as  streptavidin  for 
cell-labeling  studies.4  The  stability  and  quantum  yields  of  such 
water-soluble  NCs  greatly  vary  among  the  different  solubiliza¬ 
tion  methods.  For  example,  mono-thiol  caps  are  photochemi- 
cally  unstable,12  whereas  multidentate  ligands  are  reported  to 
yield  an  aggregate-free  construct  and  to  be  stable  in  solutions 
of  pH  5-12  over  a  course  of  one  year  with  quantum  yields 
around  25-30%. 11  Toxicity  of  NCs  is  a  concern  for  biological 


in  vivo  experiments;  however,  most  studies  report  no  toxicity  in 
live  animals,  even  in  embryos  under  standard  conditions.4 
Oxidation  of  CdSe  by  air  or  UV  light  can  cause  Cd2+  to  be 
released,  which  is  toxic  to  cells.13  Protection  of  NCs  from 
oxidation  reduces  toxicity,  but  long  term  cadmium  leaching 
from  NCs  has  not  been  studied. 

More  recently,  the  utility  of  NCs  has  been  expanded  by  their 
use  as  optical  sensors.14  Initial  applications  centered  on 
physical  sensing.  Walker  et  al.  used  the  temperature-dependent 
photoluminescence  properties  of  CdSe/ZnS  nanocrystals 
embedded  in  poly(lauryl  methacrylate)  to  develop  a  tempera¬ 
ture  probe.15  These  initial  studies  have  subsequently  been 
elaborated  for  the  measurement  of  temperature16  and  fluid 
flow  near  walls  and  in  confined  channels17  opening  the  way  for 
tandem  flow  measurements  of  temperature  and  velocimetry. 

The  water-solubility  of  overcoated  NCs  has  rapidly  led  to 
their  use  as  fluorescence  chemical  sensors.  For  this  application, 
NC  luminescence  is  perturbed  by  the  presence  of  a  target 
analyte  in  the  NC’s  environment.  In  some  cases,  the 
fluorescence  is  suppressed  by  morphological  changes  to  the 
lattice.  For  example,  Ag+,  Pb2+,  and  Cu2+  ions  quench  NC 
luminescence  by  replacing  the  Cd2+  ions  in  the  nanocrystal 
lattice.18  Only  by  overwhelming  the  NC  with  excess  Cd2+  can 
luminescence  be  partially  recovered.  However,  permanent 
quenching  of  NC  luminescence  is  not  practical  as  a  sensing 
strategy,  as  it  is  usually  not  analyte  specific,  nor  is  it  easily 
reversible.  Recently,  detection  of  specific  chem-/bio-  (CB) 
target  analytes  has  been  achieved  reversibly  using  overcoated 
CdSe  NCs  that  have  been  modified  with  a  conjugate  attached 
to  the  overcoated  layer.  We  note  that  work  has  also  been 
performed  with  NCs  composed  of  materials  other  than  CdSe, 
most  notably  CdTe.19  However,  the  concepts  of  sensing  and 
amplification  strategies  are  most  comprehensively  embodied 
by  CdSe.  For  this  reason,  CdSe  NC  constructs,  together  with 
the  excited  state  mechanisms  that  underpin  their  sensing 
function,  constitute  the  scope  of  this  review. 


Fluorescence  energy  transfer 

Fluorescence  resonance  energy  transfer  (FRET)  has  been  the 
primary  photophysical  mechanism  by  which  NCs  report  the 
presence  of  a  target  analyte.  FRET  is  a  phenomenon  in  which 
photo-excitation  energy  is  transferred  from  a  donor  fluor- 
ophore  to  an  acceptor  molecule.  Forster  theory  correlates  the 
rate  for  this  energy  transfer  to  the  spectral  overlap  of  donor 
emission  and  acceptor  absorption  and  the  donor-acceptor 
spatial  arrangement.20  The  rate  of  energy  transfer,  &d_>a,  is 
given  by  eqn  (1)  and  (2), 
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where  td  and  are  the  lifetime  and  quantum  yield  of  the 
donor,  respectively,  r  is  the  distance  between  donor  and 
acceptor,  R0  is  the  critical  transfer  distance,  n  is  the  refractive 
index  of  the  medium,  N  is  Avogadro’s  number,  and  k2  is  a 
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constant  reflecting  the  relative  orientation  of  donor  and 
acceptor  dipoles.  Although  the  NC  is  a  fairly  large  object  in 
proximity  to  the  dye,  NC-FRET  studies  make  an  approxima¬ 
tion  to  treat  the  NC  excited  state  as  an  oscillating  point  dipole 
and  use  k2  =  2/3  for  a  random  orientation.  Even  with  the  point 
dipole  approximation,  many  studies  described  below  report 
that  treating  the  NC  based  energy  transfer  through  Forster 
theory  described  experimental  data  consistently.  The  overlap 
integral  is  comprised  of  /D(v),  the  normalized  fluorescence 
intensity  of  the  donor  in  wavenumbers  (cm-1),  and  £a(v),  the 
extinction  coefficient  of  the  acceptor.  The  R0  is  the  distance 
where  50%  of  the  excited  donor  will  decay  back  to  its  ground 
state  and  the  other  50%  will  transfer  its  energy  to  the  acceptor 
molecule.  As  shown  in  eqn  (2),  the  transfer  distance  is 
dependent  mainly  on  the  spectral  overlap  between  the  emission 
of  the  donor  and  the  absorbance  of  the  acceptor. 

The  efficiency  (E)  of  FRET,  or  the  fraction  of  photons 
absorbed  by  the  donor  that  are  transferred  to  the  acceptor,  is 
the  ratio  of  the  transfer  rate  to  the  total  decay  rate  of  the  donor 
and  is  described  by  eqn  (3): 

?D-A  _  fcp-A  _  K  nx 

TD  fco-A  +  Tj^1  R^  +  r6 


Eqn  (3)  can  be  modified  when  more  than  one  acceptor  can 
interact  equally  with  the  donor  as  shown  in  eqn  (4): 
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Therefore,  eqn  (4)  shows  that  the  efficiency  of  energy  transfer 
is  generally  enhanced  by  increasing  the  number  of  acceptor 
molecules,  m.  It  is  important  to  note  in  a  study  that  utilizes  one 
donor  and  multiple  acceptors,  any  distance  measurements 
derived  will  represent  a  statistical  average  distance  in  a  given 
solution  of  donor-acceptor  pairs  unless  every  pair  has  an 
identical  fixed  distance  between  the  donor  and  acceptor  and  an 
identical  number  of  acceptors  per  donor.21  As  the  energy 
transfer  rate  constant  and  corresponding  efficiency  depend  on 
the  inverse  sixth  power  of  intermolecular  separation  of  donor 
and  acceptor  molecules,  usually  on  lengths  scales  between  20 
to  90  A,  the  study  of  FRET  is  useful  for  distances  comparable 
to  biological  macromolecules  and  is  often  applied  for  sensing 
changes  in  protein  conformation  and  analyte  binding  events.20 
Investigations  of  FRET  with  NCs  that  have  formed  the 
underpinning  for  the  use  of  NCs  as  chemical  sensors  are 
presented  in  the  section  below. 


NC  energy  transfer 

Energy  transfer  among  CdSe  NCs  was  observed  by  Kagan 
et  al  when  they  prepared  thin  films  comprised  of  a  mixture  of 
closely-packed  smaller  555  nm  emitting  and  larger  620  nm 
emitting  NCs.22  Steady-state  emission  from  the  smaller  NCs 
decreased  concomitantly  with  an  increase  in  emission  from  the 
larger  NCs.  Correspondingly,  the  lifetime  of  the  smaller  NCs 
shortened  while  that  of  the  larger  NC  lengthened.  Analysis  of 
the  lifetime  data  by  Forster  theory  supported  the  occurrence  of 
energy  transfer.  This  study  established  that  CdSe  NCs  can  act 
as  both  FRET  donors  and  acceptors. 


Energy  transfer  involving  CdSe  NCs  in  aqueous  media  has 
been  observed  to  occur  between  oppositely  charged  CdSe/ZnS 
NCs.  Wargnier  et  al  prepared  negatively  charged  CdSe/ZnS 
by  treating  the  NCs  with  a  mixture  of  mer  cap  to  succinic  and 
mercaptosulfonic  acids.23  Positively  charged  ZnCdSe-ZnS 
NCs  were  synthesized  by  treating  the  NC  surface  with 
cystinamine.  Upon  mixing  with  larger  NCs  (which  naturally 
carry  a  negative  charge),  emission  from  the  positively-charged 
and  smaller  NCs  was  found  to  be  quenched.  On  the  basis  of 
the  diameters  of  the  NC  donor  and  acceptors,  a  Forster  critical 
distance  and  efficiency  were  calculated  to  be  7.3  nm  and  91%, 
respectively;  these  values  were  in  reasonable  agreement  to  the 
Forster  critical  distance  and  efficiency  determined  from  the 
quenching  of  the  PL  decay  times. 

NCs  as  FRET  donors 

Energy  transfer  from  a  NC  donor  to  an  organic  acceptor  in 
aqueous  solution  was  demonstrated  by  Willard  et  al 24  Water- 
soluble  CdSe/ZnS  NCs  were  conjugated  to  a  thiolated 
biotinilated  bovine  serum  albumin  (bBSA,  9  :  1  biotin  :  BSA 
ratio).  Calculations  revealed  that  11  bBSA  molecules  were 
bound  to  the  surface  of  the  NC.  The  acceptor  complex  was 
prepared  separately  by  conjugating  streptavidin  to  tetra- 
methylrhodamine.  Upon  titrating  the  dye-modified  streptavi¬ 
din  to  the  NC-bBSA  complex  in  PBS  buffer,  NC  luminescence 
was  quenched  and  TMR  fluorescence  was  enhanced. 

A  penetrating  study  of  energy  transfer  between  donor  NCs 
and  acceptor  dye  molecules  has  been  performed  by  Mattoussi 
and  co-workers.21,25  Water-soluble  CdSe/ZnS  NCs  were 
prepared  by  exchanging  ligands  on  the  NC  surface  with 
dihydrolipoic  acid,  which  possesses  bidentate  thiol  groups.  A 
maltose  binding  protein  (MBP)  from  an  engineered 
Escherichia  coli  containing  site-specific  labeled  dye  acceptors 
was  assembled  onto  the  surface  of  the  NC  by  either:  (1) 
electrostatic  self-assembly  of  the  negatively  charged  dihydro¬ 
lipoic  acid  to  a  basic  leucine  zipper  on  the  MBP  or  (2)  metal- 
affinity  coordination  between  the  NC  surface  and  a  C-terminal 
oligohistidine  chain  on  the  MBP  (see  Fig.  2).21,25  In  synthesiz¬ 
ing  these  constructs,  the  emission  wavelength  of  the  NC  and 
the  number  of  dye-labeled  MBPs  bound  to  the  NC  were 
systematically  varied.  The  total  number  of  MBPs  per  NC  was 
maintained  for  the  different-sized  NCs  in  order  to  maintain  the 
average  distance  between  the  NC  and  the  acceptor  dyes  and 
hence  the  same  NC  quantum  yield.  As  the  fraction  of  dye- 
labeled  MBPs  was  increased,  emission  from  the  dye  increased 
while  that  from  the  NCs  decreased.  Time-resolved  fluorescence 
experiments  confirmed  that  the  NC  lifetime  shortened  as  more 
dye-labeled  MBPs  surrounded  the  NCs.21,25  Additionally, 
experiments  varying  the  spectral  overlap  (by  changing  the 
NC  donor  emission  wavelengths)  revealed  that  the  efficiency  of 
energy  transfer  varied  as  expected  from  a  Forster  model.  As 
expected  from  eqn  (4),  efficiency  improved  with  increasing 
numbers  of  dye-labeled  MBPs  around  the  NC.21  All  of  these 
studies  support  an  energy  transfer  mechanism  between  a  CdSe 
NC  donor  and  an  organic  acceptor  dye. 

Energy  transfer  between  a  NC  donor  and  a  dye  acceptor  has 
also  been  observed  at  the  single  molecule  level.26  Hohng  et  al 
used  a  commercially  available  streptavidin-coated  NC  to 
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immobilize  the  NC  on  a  quartz  surface  coated  with  bBSA.  A 
cyanine  dye,  Cy5,  was  positioned  near  the  NC  surface  by 
placing  it  with  biotin  on  the  same  end  of  a  duplex  DNA. 
Energy  transfer  was  monitored  with  the  steady-state  emission 
of  the  NC  and  Cy5.  Observation  of  a  single-molecule  confor¬ 
mational  change  of  the  NC-Cy5  conjugate  was  also  sought 
using  a  Holliday  junction,  which  is  composed  of  four  DNA 
helices.  The  DNA  junction  changes  its  fold  in  the  presence  of 
divalent  ions.  Conformational  change  induced  by  the  divalent 
ion  would,  in  principle,  lead  to  a  change  in  FRET  efficiency. 
However,  very  low  signal  intensity  complicated  such  an  inter¬ 
pretation.  The  low  signal  was  ascribed,  in  part,  to  the  very 
large  energy  transfer  distance  between  the  streptavidin-coated 
NC  and  biotinylated  dye,  emphasizing  the  need  for  simple 
conjugates  in  which  the  energy  transfer  distance  can  be  short. 

Zhou  et  al 21  directly  coupled  an  Alexa  594-labeled  DNA 
acceptor  to  a  NC  donor  through  a  thiol  linker.  Commercially 
obtained  CdSe/ZnS  NCs  were  treated  with  3-mercaptopro- 
pionic  acid  (MPA)  to  produce  a  water-soluble  NC.  Coupling 
to  Alexa  594-labeled  DNA  was  achieved  using  a  C6  thiol 
linker.  The  ability  to  couple  without  protein  linkers  minimized 
the  distance  between  the  NC  and  the  dye.  Owing  to  the  short 
donor-acceptor  distance,  the  FRET  efficiency  in  these 


constructs  was  found  to  be  as  high  as  88%  in  ensemble  and 
single-molecule  constructs.  A  Forster  critical  transfer  distance 
of  4.2  nm  was  calculated  from  the  quenched  luminescence. 

NCs  as  FRET  acceptors 

Whereas  there  have  been  numerous  studies  on  CdSe  NCs  as 
FRET  donors,  very  few  studies  have  reported  CdSe  NCs  as 
FRET  acceptors.  Mattoussi  and  co-workers  investigated  the 
potential  of  CdSe  NCs  as  energy  acceptors  from  organic  donor 
dyes  by  using  a  NC-dye  MBP  conjugate  in  which  the  dye 
emitted  to  the  blue  edge  of  the  NCs.28  AlexaFluor  488  and  Cy3 
dyes  were  employed  to  excite  NCs  of  three  different  sizes.  No 
evidence  of  energy  transfer  from  the  dye  to  the  NC  was  found 
in  steady-state  and  time-resolved  emission  experiments  for  dye 
:  NC  ratios  up  to  1  :  10.  Tryptophan  residues  in  the  MBP  were 
also  excited  to  see  whether  FRET  could  occur  between  the 
amino  acid  and  the  NC.  But  again,  there  was  no  evidence  of 
tryptophan  quenching.  Energy  transfer  from  an  organic  dye  to 
a  CdSe  NC  is  difficult  to  achieve  for  two  reasons.  First,  the 
radiative  decay  rate  of  the  dye  donor  excitation  energy  is  fast 
compared  to  the  decay  rate  for  FRET  from  dye  to  the  NC 
acceptor.  In  addition,  the  NC  could  be  directly  excited,  which 
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Fig.  2  (Top)  A  schematic  representation  of  the  NC-MBP  assembly  developed  by  Mattoussi  and  co-workers.  The  dihydrolipoic  acid  (DHLA)  caps 
the  NC  and  allows  the  MBP  to  self-assemble  onto  the  NC.  A  Cy3  dye  is  attached  to  the  MBP.  (Bottom  left)  Photoluminescence  spectra  from 
510  nm  emitting  NC  and  Cy3  dyes  in  the  NC-MBP-Cy3  construct  with  increasing  dye  to  NC  ratio.  (Bottom  right)  Experimental  values  for  the  NC 
emission  decay  percentage  versus  dye  to  NC  ratio  (circle),  the  rate  of  FRET  extracted  for  the  NC  emission  loss  (triangle),  and  the  rate  of  FRET 
deduced  from  acceptor  gain  (square).  (Reproduced  with  permission  from  J.  Am.  Chem.  Soc.,  2004, 126,  301. 21  Copyright  2004  American  Chemical 
Society.) 
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causes  difficulties  in  ascertaining  the  FRET  contribution  to  the 
observed  NC  emission.  In  order  to  test  whether  the  lifetime  of 
the  donor  was  limiting  FRET,  a  dye  with  a  longer-lived  excited 
state  (a  ruthenium-bpy-isothiocyanate  complex  with  tg  = 
350  ns)  was  covalently  appended  to  the  MBP.  Steady-state 
fluorescence  experiments,  however,  were  inconclusive  owing  to 
a  high  degree  of  emission  spectral  overlap  between  the 
ruthenium  complex  and  the  NC  together  with  the  low 
quantum  yield  of  the  complex.  Time  resolved  measurements, 
however,  did  reveal  quenching  of  the  dye  excitation  lifetime, 
implying  the  occurrence  of  FRET. 

Further  support  for  the  use  of  CdSe  as  energy  acceptors  has 
been  provided  by  Acherman  et  al ,  who  have  reported  energy 
transfer  between  InGaN  quantum  wells  and  CdSe  NCs.29  A 
three-layer  he  ter  o  structure  was  made  by  depositing  a  layer  of 
CdSe  NC  through  the  Langmuir-Blodgett  technique  onto  a 
GaN-capped  InGaN  quantum  well.  In  this  case,  energy 
transfer  rate  of  carrier  varied  as  1  let,  where  d  was  the 
separation  distance  between  the  quantum  well  donor  and  the 
NC  acceptor.  The  efficiency  of  energy  transfer  was  found  to  be 
as  high  as  55%. 

Blue-emitting  polymers  may  act  as  FRET  donors  to  NCs  at 
18  K.30  Energy  transfer  from  a  conjugated  organic  polymer, 
{poly[(9,9-dihexylfluorenyl-2,7-diyl)-alt-co-(9, ethyl-3, 6-carba- 
zole)]}  to  CdSe/ZnS  NCs  was  confirmed  by  the  quenching  of 
the  polymer  lifetime  and  by  the  appearance  of  NC  emission 
upon  excitation  of  the  polymer.  The  calculated  Forster  radius 
of  8  nm  (though  this  value  is  somewhat  tenuous  since  it  could 
not  be  corrected  for  direct  excitation  of  the  NCs)  is 
comparable  to  that  of  organic  FRET  donor-acceptor  pairs. 

Commercially  biotinylated  NCs  and  streptavidin  can  be 
conjugated  to  a  terbium  ion  ligated  by  two  6-carboxybipyridyl 
arms  connected  to  a  glutamate  framework.31  Carbodiimide 
coupling  of  the  terbium  complex  yields  an  average  of 
3.5  terbium  complexes  per  streptavidin  protein.  The  NC  was 
coated  with  5  to  7  biotin  molecules  per  NC.  Upon  titrating  the 
biotinylated  NC  to  the  streptavidin-Tb  complex,  the  lifetime 
of  the  NC  is  enhanced  and  the  ratio  of  NC  to  Tb  emission 
increased  as  well.  These  observations  were  attributed  to  the 
presence  of  FRET.  An  average  donor-acceptor  distance  of 
7.2-7. 6  nm  was  determined  for  the  FRET. 

Anikeeva  and  co-workers  have  demonstrated  energy  trans¬ 
fer  from  a  phosphorescent  fac  tris(2-phenylpyridine)  iridium 
complex,  Ir(ppy)3,  to  a  thin-film  monolayer  of  CdSe/ZnS.32 
The  Ir(ppy)3  emission  intensity  decreased  by  21%  and  the 
emission  intensity  of  the  CdSe/ZnS  film  increased  by  55% 
when  a  monolayer  of  the  NCs  was  printed  on  a  film  of  10% 
Ir(ppy)3.  A  corresponding  increase  in  the  lifetime  of  the  NC 
emission  from  40  ns  to  400  ns  suggested  the  transfer  of  Ir(ppy)3 
excitons  to  the  NC  film.  The  distance  between  the  iridium 
complex  and  the  NC  was  estimated  to  be  4.0  nm,  which  is 
sufficiently  short  for  Forster  and  Dexter  (/.  e. ,  correlated 
electron  exchange)  energy  transfer  to  occur. 

FRET  schemes  for  sensing  with  NCs 

The  ability  of  NCs  to  participate  in  FRET  provides  a 
mechanism  for  signal  transduction  in  optical  sensing  schemes. 
Fig.  3  summarizes  the  different  sensing  strategies  that  have 


been  employed  with  NCs.  Of  the  six  signal  transduction 
mechanisms,  five  rely  on  the  NC  as  the  FRET  donor.  The 
broad  excitation  spectrum  of  the  NCs  complicates  their 
utilization  as  FRET  acceptors  since  it  is  difficult  to  excite  a 
dye  selectively  without  exciting  the  NC  acceptor.  In  Fig.  3A- 
3D,  sensing  is  accomplished  by  modulating  the  FRET  donor- 
acceptor  distance.  For  Fig.  3E  and  3F,  the  FRET  distance  is 
preserved  but  the  analyte  causes  the  spectral  overlap  function 
to  change,  thus  modulating  the  efficiency  of  FRET  upon 
analyte  recognition.  A  discussion  of  systems  that  sense  by  each 
of  the  mechanisms  presented  in  Fig.  3  follows. 

3A:  Sensing  by  nucleic  acid  recognition 

Fig.  3 A  has  been  exploited  to  probe  biological  activity  via 
FRET.  Telomerization  and  DNA  replication  can  be  mon¬ 
itored  with  CdSe/ZnS  NCs.33  Patolsky  et  al  conjugated  NCs 
to  thiolated  oligonucleotides  with  approximately  25  oligonu¬ 
cleotides  per  NC.  Incubation  with  a  dNTP  (deoxy(nucleotide) 
triphosphate)  mixture  (dATP,  dCTP,  and  dGTP)  and  Texas- 
Red  labeled  dUTP,  in  the  presence  of  telomerase,  initiated  a 
change  in  the  emission  spectra  of  the  NC  and  the  dye  over 
time.  As  telomerization  proceeded,  NC  emission  decreased  and 
Texas-Red  emission  increased  due  to  FRET.  DNA  replication 
was  probed  by  labeling  CdSe/ZnS  NCs  with  a  DNA  primer, 
followed  by  incubation  with  the  complementary  DNA 
sequence  to  allow  for  hybridization.  Replication  was  initiated 
by  adding  polymerase  mixed  with  dNTPs  and  Texas-Red 
labeled  dUTP.  As  replication  progressed,  the  Texas-Red 
dUTP  was  brought  in  proximity  to  the  NC,  resulting  in 
FRET  from  the  NCs  to  the  dye.  These  results  suggested  the 
application  of  NCs  for  the  detection  of  cancer  cells  or  for 
amplified  detection  of  DNA  on  chip  arrays. 

Gill  et  al.  have  used  FRET  interactions  of  DNA  to  probe 
hybridization  and  cleavage.34  In  a  similar  manner  to  that 
discussed  above,  NCs  were  modified  with  a  DNA  strand  and 
hybridized  with  a  Texas-Red  labeled  nucleic  acid.  As 
hybridization  proceeded,  energy  transfer  occurred,  and  the 
NC  emission  progressively  became  weaker  while  the  dye 
emission  increased.  The  resulting  CdSe  NC-dye  DNA  duplex 
was  cleaved  with  a  hydrolytic  enzyme  DNase  I.  Cleavage  of 
the  DNA  strand  resulted  in  a  partial  restoration  of  the  NC 
emission  and  a  loss  of  dye  emission.  The  incomplete  recovery 
of  the  NC  emission  was  attributed  to  the  adsorption  of  dye 
molecules  to  the  NC  surface.  Adsorption  by  the  NCs  presents 
a  hurdle  for  their  implementation  as  bioanalytical  tools. 

FRET  from  NCs  can  be  used  as  a  screen  for  small 
interfering  RNAs  (siRNA).35  Bakalova  et  al  conjugated  a 
single  stranded  siRNA  to  a  NC  to  yield  a  hybridization  probe 
while  amplifying  the  target  mRNA  in  the  presence  of  Cy5 
labeled  nucleotides.  The  Cy5-mRNA  was  used  as  the 
hybridization  template.  A  short  hybridization  time  for 
siRNA-mRNA  duplexes  ensured  for  the  selection  of  efficient, 
target- selective  siRNA  sequences.  The  affinity  of  the  siRNA  to 
the  mRNA  was  detected  by  FRET  from  the  NC  to  the  Cy5. 
The  Cy5  emission  was  only  detected  when  there  was  good 
accessibility  and  high  affinity  between  the  two  RNA  strands. 

The  interaction  of  a  HIV-1  regulatory  protein,  REV  with 
its  responsive  element  (designated  RRE),  has  also  been 
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Fig.  3  Schematic  diagram  of  the  six  different  sensing  strategies  using  FRET  that  are  the  focus  of  this  tutorial  review. 


assayed  by  NC-dye  FRET.36  The  5'  end  of  the  RRE  RNA 
was  biotinylated  while  a  Cy5  dye  was  attached  to  the 
N-terminus  of  a  model  REV  peptide  sequence.  A  RRE-NC 
conjugate  was  synthesized  by  using  a  streptavidin-coated 
NC.  The  Cy5  modified  REV  was  slowly  titrated  to  the 
RRE-NC  solution.  Excitation  at  488  nm,  where  the  Cy5  does 
not  absorb,  yielded  emission  from  both  NC  and  Cy5  upon 
complexation  of  the  REV  to  the  RRE-NC.  The  ratio  of  the 


dye  intensity  to  NC  intensity  increased  with  the  addition  of 
REV. 

Per  Fig.  3A,  the  foregoing  bioassays  rely  on  modulating  the 
FRET  distance  between  the  NC  and  an  acceptor  dye  upon 
biological  recognition  of  different  macromolecules.  A  change 
in  emission  lifetime  and  intensity  may  be  detected. 
Applications  based  on  this  model  assume  that  the  NCs  do 
not  interfere  with  macromolecule  binding  as  a  result  of  either 
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size  or  charge  perturbations.  This  assumption  must  be  assessed 
for  the  development  of  reliable  bioassays. 

3B  and  3C:  Sensing  by  analyte-induced  displacement 

FRET  coupled  to  quenching,  as  schematically  represented  in 
Fig.  3B  and  3C,  provides  alternative  strategies  for  sensing. 
Here,  luminescence  due  to  FRET  is  turned  on  by  the 
appearance  of  analyte,  which  displaces  a  quencher  (Fig.  3B) 
or  a  terminal  energy  acceptor  (Fig.  3C). 

Mattoussi  and  co-workers  have  developed  a  sensor  for 
maltose  by  adapting  their  CdSe-MBP  conjugates  for  both 
analyte-displacement  strategies  depicted  by  Fig.  3B  and 
3C . 37,38  In  the  first  construct,  a  (3-cyclodextrin  ((3-CD) 
conjugated  to  a  non-fluorescent  QSY9  quencher  dye  was 
docked  to  the  MBP  saccharide  binding  site  of  the  CdSe/ZnS- 
MBP.  Maltose  displaces  the  (3-CD-QSY9  conjugate  to  restore 
NC  emission.  In  their  second  strategy,  defined  by  Fig.  3C,  the 
CdSe/ZnS-MBP  construct  is  labeled  with  two  different 
cyanine  dyes:  Cy3,  which  is  bound  directly  to  the  MBP,  and 
a  (3-CD  conjugated  to  a  Cy3.5,  docked  to  the  MBP  binding 
site.  Prior  to  maltose  binding,  Cy3.5  emission  prevails  by  a 
two-step  energy  transfer  from  Cy3  which  in  turn  accepts 
energy  from  CdSe.  Upon  binding  to  maltose,  the  (3-CD-Cy3.5 
conjugate  is  displaced  and,  in  the  absence  of  the  terminal 
acceptor,  Cy3  is  the  predominant  emitting  species. 

A  hybrid  NC-antibody  that  senses  TNT  operates  by  the 
mechanism  shown  in  Fig.  3B.38  In  place  of  MBP,  an  anti-TNT 
specific  antibody  fragment  is  appended  with  an  oligohistidine 
sequence,  which  is  bound  to  the  surface  of  a  CdSe/ZnS  NC.  A 
TNT  analogue  pre-labeled  with  a  quencher  dye  (Black  Hole 
Quencher- 10,  BHQ-10)  was  pre-docked  in  the  recognition  site 
of  the  antibody.  The  docked  dye  quenches  NC  emission.  The 
NC  emission  is  “turned-on”  when  TNT  displaces  the  quencher 
from  the  sensor,  as  shown  in  Fig.  4.  The  specificity  of  the  TNT 
sensor  was  tested  by  comparing  the  effectiveness  of  FRET 
from  the  NC  to  the  quencher  dye  for  three  different  TNT 
analogues.  The  analyte  specificity  of  the  original  antibody 
fragment  was  conserved  after  being  bound  to  the  NC.  This 
approach  is  general  and  constructs  involving  an  antibody 
fragment  bound  to  a  NC  surface  through  noncovalent  self- 
assembly  should  find  wider  use  as  a  target  of  other  analytes  of 
interest. 


With  TNB-BHQ10 
No  QD  emission 


Analyte  in  recognition 
site  QD  photoemits 


Fig.  4  (A)  A  schematic  diagram  of  the  quencher-displacement 
mechanism  to  sense  TNT.  (B)  Increase  in  the  NC  photoluminescence 
versus  concentration  of  TNT.  (Reproduced  with  permission  from  J. 
Am.  Chem.  Soc.,  2005,  127,  6744. 38  Copyright  2005  American 
Chemical  Society.) 

NCs  increased.  This  synchronous  change  in  emission  inten¬ 
sities  was  ascribed  to  an  energy  transfer  mechanism  caused  by 
aggregation  of  the  NCs.  The  aggregate  formed  by  the 
recognition  of  K+  ions  by  the  1 5-crown-5  ethers  to  furnish  a 
15-crown-5-K+-15-crown-5  sandwich  complex.  It  was  unclear 
whether  the  sandwich  complex  was  formed  from  the  coordina¬ 
tion  of  two  ether  molecules  from  the  neighboring  arms  of  the 
same  NC  (intraparticle  association)  or  from  the  two  ether 
molecules  of  different  NCs  (interparticle  association).  A 
response  was  observed  over  a  10-6-10-4  M  concentration  of 
KC104;  the  NCs  were  observed  to  precipitate  from  solution 
at  higher  KC104  concentrations.  The  sensing  construct 
showed  excellent  sensitivity;  however,  high  association 
between  the  K+  ion  and  the  crown  ether  as  well  as  aggregation 
between  the  NCs  at  high  concentrations  makes  reversible 
sensing  difficult. 


3D:  Sensing  by  NC-to-NC  FRET 

The  NC-dye  constructs  incorporating  analyte-displacement 
strategies  are  excellent  single-response  sensors.  To  realize 
maximum  sensitivity  and  utility,  however,  a  more  ideal  sensor 
would  be  reversible  and/or  self-referencing  (or  ratiometric). 
One  such  scheme  is  shown  by  Fig.  3D.  FRET  between  small 
(green)  and  large  (red)  CdSe/ZnS  nanocrystals  has  been 
implemented  to  sense  potassium  ions.39  15-crown-5  ethers 
were  adsorbed  onto  the  surface  of  the  NCs  through  the 
bidentate  thiol  of  dihydrolipoic  acid.  Prior  to  adding  K+  ions, 
both  green  and  red  NC  emissions  are  present;  the  NC  solutions 
were  dilute  enough  to  prevent  energy  transfer  between  the  two 
NCs.  Upon  adding  KC104,  the  green  emission  of  the  smaller 
NCs  gradually  decreased,  while  the  red  emission  of  the  larger 


3E:  Sensing  by  NC  conjugation  to  analyte-sensitive 
chromophores 

A  reversible  CdSe/ZnS  NC  sensor  of  pH  operates  according 
to  Fig.  3E.40  A  pH-sensitive  chromophore  was  conjugated  to 
NC  with  a  lipoic  acid  derivitized  with  a  [l,3]oxazine  ring.  The 
[l,3]-oxazine  ring  may  be  opened  by  hydroxide  anion  to 
generate  a  4-nitrophenylazophenolate  chromophore.  The 
absorption  spectrum  of  this  chromophore  overlaps  with  the 
emission  spectrum  of  the  NC.  This  spectral  overlap  activates 
FRET,  leading  to  a  diminution  of  NC  luminescence. 
Specifically,  the  NC  emission  intensity  decreases  by  35%  over 
the  pH  from  7.1  to  8.5.  The  sole  emission  from  the  NC  results 
in  a  detection  signal  that  is  not  referenced,  making  calibration 
difficult. 
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3F:  Sensing  by  NC  conjugation  to  analyte-sensitive 
lumophores 

In  general,  pH,  or  for  that  matter,  the  concentration  of  any 
analyte  is  difficult  to  quantify  with  a  simple  change  in  emission 
intensity  of  donor  and/or  acceptor.  An  accurate  measurement 
of  analyte  concentration  is  unattainable  if  the  overall  back¬ 
ground  intensity  changes,  emission  from  species  in  the 
environment  is  present,  or  if  the  dye  emission  is  sensitive  to 
an  interferent.  These  problems  can  be  circumvented  by 
constructing  a  reversible  and  ratiometric  sensor  according  to 
the  mechanism  shown  in  Fig.  3F. 

The  construction  of  a  CdSe/ZnS  NC  sensor  of  pH  per 
Fig.  3F41  was  begun  by  encapsulating  a  CdSe/ZnS  NC  in  an 
amphiphilic  polymer  in  a  similar  manner  as  reported  by  Wu 
et  al.  to  impart  water  solubility.8  The  polymer  scaffold 
provides  a  hydroxy  functionality  for  coupling  organic  mole¬ 
cules  to  the  NC.  Using  l-ethyl-3-(3-dimethylaminopropyl)- 
carbodiimide  (EDC)  coupling,  a  pH-sensitive  squaraine  dye 
was  covalently  attached  via  ester  linkages.  The  absorption  and 
the  emission  spectra  of  the  squaraine  dye  are  pH  sensitive.  The 
dye  is  highly  absorptive  and  emissive  at  low  to  neutral  pH. 
With  increasing  pH,  the  overall  emission  intensity  decreases 
monotonically  as  shown  in  Fig.  5.  The  ratiometric  nature  of 
the  sensor  is  derived  from  the  modulation  of  the  FRET 
efficiency  arising  from  the  engineered  overlap  of  the  pH- 
dependent  squaraine  dye  absorption  spectrum  with  the  (pH- 
insensitive)  NC  emission  spectrum.  Upon  excitation  of  the 
CdSe/ZnS  NC,  the  NC  may  either  fluoresce  or  transfer  energy 
to  the  squaraine  dye.  At  low  pH,  the  overlap  of  the  dye 
absorption  spectrum  and  NC  emission  spectrum  is  small  owing 
to  the  low  absorption  cross-section  of  the  former.  Under  these 
conditions,  FRET  is  efficient  and  the  dye  is  more  emissive  than 
the  NC  owing  to  energy  transfer.  As  the  pH  is  raised,  energy 
transfer  from  the  NC  to  the  dye  is  less  efficient  owing  to  poorer 
spectral  overlap.  The  inset  of  Fig.  5  depicts  the  variation  of  the 
critical  transfer  distance  (R0)  with  solution  pH  due  to  the 
modulation  of  the  overlap  integral  of  eqn  (3).  The  efficiency  of 


X  /  nm 

Fig.  5  The  pH-dependent  absorption  profile  of  a  squaraine  dye 
overlaid  with  the  emission  of  the  CdSe/ZnS  NC.  The  inset  depicts  the 
variation  of  the  critical  transfer  distance  due  to  the  modulation  of  the 
spectral  overlap  integral  by  solution  pH. 


the  sensor  is  approximately  a  linear  function  of  the  modulation 
of  the  overlap  of  the  NC  and  dye  emission.  Time-resolved 
fluorescence  spectroscopy  and  excitation  spectra  provided 
further  support  for  the  energy  transfer  mechanism. 

As  a  result  of  the  FRET  efficiency  modulation,  the 
emissions  of  the  NC  and  dye  were  found  to  be  naturally 
ratiometric.  For  a  simple  two-state  system,  with  modulated 
energy  transfer,  an  isosbestic  point  should  be  maintained  in  the 
photoluminescence  spectrum.  This  is  observed  in  Fig.  6.  The 
relative  emission  intensities  vary  significantly  with  the  largest 
changes  occurring  near  the  dye  pKa;  an  isosbestic  point  is 
maintained  at  640  nm.  The  solution  pH  can  be  read  out 
precisely  by  taking  the  ratio  of  emission  peak  intensities  (NC 
and  dye)  to  the  intensity  at  the  isosbestic  point,  which 
functions  as  an  internal  reference.  This  ratiometric  approach 
is  powerful  when  compared  to  typical  CBsensors  that  display  a 
single  intensity-based  response  to  analytes  (/.  e.  either  bright¬ 
ening  or  darkening)  because  the  ratiometric  construct  is  not 
sensitive  to  fluctuations  of  light  excitation  or  collection 
efficiency  as  sensing  is  self-referencing.  This  is  shown  in 
Fig.  7.  The  pH  may  be  determined  accurately  to  5%  in  highly 
scattering  environments  or  when  the  excitation  intensity  is 
highly  fluctuating.  Such  precision  is  impossible  to  achieve  for 
the  dye  alone.  In  addition,  the  continuous  absorption  manifold 
of  the  CdSe  NCs  results  in  an  excitation-wavelength  indepen¬ 
dent  bandshape,  a  feature  that  is  not  present  in  single 
molecular  ratiometric  sensors.  Thus,  the  NC-dye  conjugate 
does  not  need  to  use  two  independent  excitation  sources  (or 
alternatively  a  single  excitation  specifically  at  an  absorptive 
isosbestic  point)  for  proper  function.  The  approach  is 
completely  general  for  any  analyte  that  modulates  FRET 
involving  the  NC.  The  reversible  and  ratiometric  nature  of  the 
approach  presented  by  Fig.  3F  makes  NCs  versatile  agents  for 
chemical  and  biological  sensing. 

CdSe  as  gain  material  in  lasing  cavities 

The  physical  properties  and  dimensions  of  NCs  naturally  lend 
them  to  sensing  on  small  length  scales.  On  this  count,  NCs 
have  a  significant  advantage  over  conventional  molecular 
chemosensors.  Owing  to  their  photostability  and  spectrally 
narrow  gain  profiles,  NCs  can  function  as  gain  materials  for 


Fig.  6  Emission  spectra  of  the  NC-squaraine  dye  construct  at 
different  pH.  The  isosbestic  point  at  640  nm  allows  for  ratiometric 
sensing. 
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laser  cavities  on  micro-dimensions.42  The  ability  to  amplify 
NC  output  signals  in  such  cavities  offers  unique  opportunities 
for  detecting  the  signal  from  NC  sensor  constructs  on  small 
length  scales. 

As  CB sensing  is  scaled  down,  the  number  of  receptor  sites 
decreases  on  a  sensing  platform.  Device  sensitivity  and 
performance  is  compromised  because  the  optical  sensing 
mechanism  of  typical  chemosensors,  single  molecule  detec¬ 
tion-single  photon  generation,  yields  signals  that  are  too  weak 
to  be  detected.  In  principle,  the  linear,  single  photon  response 
of  a  molecular  chemosensor  can  be  replaced  with  the  non¬ 
linear  one  of  a  NC  that  is  part  of  a  laser  cavity  (see  Fig.  8).  An 
example  of  this  sensing  strategy  with  TNT-sensing  semicon¬ 
ducting  organic  polymer  as  gain  material  has  already  been 
reported  by  Rose  et  al.;  enhanced  sensitivity  to  TNT  was 
found  to  be  most  pronounced  when  the  polymer-incorporated 
distributed  feedback  films  were  pumped  at  intensities  near 
their  lasing  threshold,  exhibiting  non-linear  sensing.43  Because 
the  NCs  are  robust,  they  can  withstand  the  high  fields 
generated  in  such  cavities.  This  review  concludes  with  a 
discussion  of  lasing  cavities  incorporating  NCs  and  their 
potential  for  high  gain  CB  sensing. 

Theory  and  motivation  on  high  gain  sensing 

The  intensity  of  light  can  build  exponentially  as  light 
propagates  in  a  cavity  with  an  inverted  excited  state  popula¬ 
tion.  This  exponential  increase  in  intensity  is  given  by,14 

/  =  V g(v)z  (5) 

where  70  is  the  seed  intensity,  /  is  the  intensity  at  some  distance 
z  into  the  cavity,  and  g(v)  is  the  gain  coefficient  given  by 
eqn  (6). 

g(v)  =  [NuBu(v)-NlBl(v)] ^  (6) 


XI  nm 


Fig.  7  Sensing  of  the  local  pH  by  the  NC-squaraine  dye  construct 
with  variations  in  the  excitation  intensity  and  local  environment.  The 
ratio  of  NC  to  dye  emission  varies  such  that  pH  is  determined  within 
5%  when  altering  the  slit  entrance  of  the  Xe  lamp  excitation  of  the 
fluorimeter  (—  0.5  mm;  — ,  2.00  mm)  and  when  examining  the 
construct  within  a  highly  scattering  media,  which  consisted  of  a 

solution  of  silica  microspheres  ( - ).  The  inset  shows  that  emission 

was  independent  of  excitation  wavelength  ( — ,  380  nm;  — ,  450  nm;  — , 
520  nm). 


where  Nu  and  N\  are  the  upper  and  lower  level  populations, 
respectively,  and  Bu(v)  and  B\(v)  are  the  emission  and 
absorption  probability,  respectively,  at  frequency  v. 
Separation  of  Einstein  Bu  and  B\  coefficients  from  the 
population  inversion  allows  eqn  (5)  to  be  recast  as, 

/  =  /0£<t(v)AJVu1--  (7) 

where  <j(v)  is  the  stimulated  emission  cross-section.  Eqn  (7) 
provides  an  immediate  inroad  to  sensing.  If  an  analyte  can 
affect  the  photophysics  of  the  NC  by  removing  or  adding 
energy  to  the  cavity  (in  a  FRET  process  or  by  another  signal 
transduction  mechanism),  the  gain  coefficient  will  be  per¬ 
turbed,  leading  to  an  exponential  change  in  the  laser  output.  A 
non-linear,  highly  sensitive  “turn-off5  or  “turn-on55  sensor  can 
potentially  be  made. 

High  intensities  and  maximal  response  from  the  laser  cavity 
can  most  easily  be  achieved  by  confining  light  within  the  cavity 
of  the  laser  resonator.  In  a  conventional  Fabry-Perot 
resonator,  confinement  is  achieved  by  reflection  of  light  off  a 
front  and  back  mirror.  With  CdSe  NCs  as  gain  materials, 
Distributed  Feedback  (DFB)  and  spherical  Whispering 
Gallery  Mode  (WGM)  cavities  (see  Fig.  9)  have  been  used  to 
confine  light  to  obtain  lasing  devices.44^8 

CdSe  incorporated  DFBs 

Optical  gain  and  stimulated  emission  using  CdSe  NCs  at  room 
temperature  was  reported  by  Klimov  et  al 42  In  this  work, 
gain-induced  narrowing  of  the  fluorescence  emission  spectrum 
(or  amplified  spontaneous  emission,  ASE)  was  achieved  in 
close-packed  drop-cast  films  of  NCs.  In  order  to  achieve  ASE, 
high  volume  fractions  of  NCs  as  well  as  ultrafast  optical 
pumping  (100  fs  pulses)  were  shown  to  be  essential  in 
overcoming  competitive  nonradiative  processes.  With  the 
parameters  to  achieve  gain  in  NC  films  defined,  the  chemistry 
needed  to  incorporate  them  into  feedback  structures  to  attain 
lasing  was  developed.44,45 

The  architecture  of  a  second-order  DFB  comprises  a  slab 
waveguide  imprinted  with  a  grating  of  period  (A)  that  satisfies 
the  Bragg  condition, 


)  Laser  cavity 

\  \ 

hv  10N  hv 


Fig.  8  Design  concept  to  achieve  CB  sensing  on  small  lengths  scales. 
A  single  photon  emitting  center  is  replaced  by  a  laser,  which  can  be 
turned  off  or  on  by  the  recognition  of  a  target.  The  strategy  allows  for 
high  gain  responses  in  the  presence  of  analyte  at  low  concentrations. 
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where  2B  is  the  Bragg  wavelength  that  is  supported  by  period 
A,  m  is  the  order  of  the  grating  reflection,  and  ne ff  is  the 
effective  refractive  index.14  The  lasing  medium  must  have  a 
gain  profile  that  is  coincident  with  2B.  Stimulated  emission  of 
light  is  achieved  as  the  propagating  wave  traverses  the  DFB 
grating  and  builds  up  gain  from  the  constructive  feedback 
caused  by  the  grating. 

Eisler  et  al.  encapsulated  CdSe  NCs  within  feedback 
structures  by  spin  coating  a  NC-titania  thin  film  on  top  of  a 
DFB  grating;  the  grating  was  generated  using  interference 
holography  and  patterned  onto  a  silica  wafer  through  reactive- 
ion-etching  (RIE).44  The  thickness  of  the  film  was  controlled 
by  the  speed  of  the  spin  coating,  and  the  volume  fraction  of  the 
NCs,  which  controls  the  refractive  index.  As  defined  by  eqn  (8), 
ne ff  was  adjusted  to  match  the  Bragg  condition  of  the  grating 
for  the  given  ASE  of  the  NC-titania  film.  Using  different  size 
NCs,  different  DFB  lasers  were  produced  over  a  wavelength 
range  from  560  nm  to  625  nm.  The  technology  was  further 
expanded  by  embossing  a  DFB  pattern  directly  onto  the  NC- 
titania  thin  film.45  In  this  work,  a  poly(dimethylsiloxane) 
(PDMS)  elastomeric  stamp  was  patterned  with  a  DFB  grating, 
brought  into  contact  with  a  freshly  spin-coated  NC-titania 
pre-polymer,  which  was  transferred  to  a  hot  plate  to  initiate 
polymerization.  The  pattern  of  the  PDMS  stamp  is  preserved 
upon  polymerization  and  lasing,  as  shown  in  Fig.  10,  is 
achieved.  Soft  lithography  allows  multilayer  structures  to  be 
prepared  by  overlaying  DFB  gratings  of  different  periodicity 
(and  accordingly  different  sized  NCs).  With  a  multi-layered 
DFB  laser,  simultaneous  lasing  of  multiple  colors  may  be 
observed. 


The  sol-gel  derived  NC-titania  films  of  Fig.  10  degrade 
rapidly  after  exposure  to  water  and  short  chain  alcohols. 
Recent  work  by  Chan  et  al.  describes  the  development  of  a 
solvent  stable  NC-silica  composite  laser.48  CdSe/ZnS  NCs 
were  modified  with  5-amino- 1-pentanol  to  impart  ethanol 
solubility.  The  silica  precursors  were  3-aminopropyltrimethoxy- 
silane  and  (triethoxysilyl)propyl  isocyanate  were  added  to  the 
NC-ethanol  solution.  The  film  fabrication  and  grating  pattern 
transfer  were  performed  in  the  same  manner  as  described 
above  to  yield  a  device  that  was  stable  in  several  solvents. 
Stable  lasing  was  observed  from  these  DFBs  in  the  presence  of 
water  as  well  as  short-chain  alcohols.  These  results  enable  NC- 
based  DFBs  to  be  used  for  high  gain  sensing  in  aqueous 
environments. 

CdSe  incorporated  spherical  resonators 

Lasing  from  NCs  can  also  be  achieved  in  spherical  cavities  that 
support  Whispering  Gallery  Modes  (WGM).  The  WGM  is 
formed  from  the  constructive  interference  of  successive  total 
internal  reflections  of  light  off  the  concave  inner  surface  of  the 
spherical  cavity.14  Due  to  the  strong  confinement  of  photons 
within  the  modal  volume,  the  laser  Q-factor  of  these  modes 
can  be  as  high  as  108.14  CdSe/ZnS  NCs  are  particularly  suited 
to  spherical  resonators  because  they  can  withstand  the  high 
power  densities  that  are  developed  within  the  small  volume  of 
the  microsphere. 

WGM  lasing  structures  may  be  fabricated  by  assembling 
thin  films  of  CdSe  NCs  onto  10  pm  polystyrene  spheres  using  a 
layer-by-layer  wet  chemical  procedure;  however,  the  highly 
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Whisper  Gallery  Mode  (WGM) 
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St.  Paul 's  Cathedral,  London 
(Lord  Rayleigh) 


Fig.  9  Two  different  types  of  laser  cavities  incorporating  CdSe  NCs  as  gain  media.  (A)  Schematic  representation  of  a  distributed  feedback  (DFB) 
grating  and  a  SEM  image  of  the  grating.  (B)  The  reflection  of  sound  waves  that  can  be  found  at  the  Whispering  Gallery  of  the  St.  Paul’s  Cathedral 
in  London  can  be  adapted  on  a  smaller  length  scale  to  trap  light  waves  in  a  spherical  microcavity.  An  SEM  of  a  NC-coated  microsphere  is  shown. 
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loaded  fraction  of  NCs  that  is  necessary  for  light  amplification 
is  difficult  to  achieve  by  this  method.46 

Kazes  et  al.  reported  lasing  from  CdSe/ZnS  NCs  and 
quantum  rods  by  using  a  cylindrical  microcavity  constructed 
from  an  optical  fiber  within  a  glass  capillary  tube.49  A  solution 
of  the  NCs  or  the  quantum  rods  filled  the  space  between  the 
fiber  and  the  capillary  tube.  The  microcavity  was  pumped  with 
a  nanosecond  Nd-YAG  laser.  The  lasing  threshold  for  the  NC 
microcavity  was  3  mJ  whereas  the  threshold  of  the  quantum 
rod  microcavity  was  at  0.08  mJ.  The  linearly  polarized 
emission  of  the  CdSe  quantum  rods  was  observed  from  the 
lasing  microcavity.  Along  similar  lines,  Petruska  et  al.50 
incorporated  the  matrix  formed  from  NCs  tethered  to  a 
titania  sol-gel  matrix  by  using  alcohol-terminating  amines  into 
glass  microcapillary  tubes  to  promote  WGM  resonance. 
Lasing  was  obtained  at  room-temperature  using  a  femtose¬ 
cond  excitation  source. 

Snee  et  al.  developed  a  facile  method  of  incorporating  NCs 
onto  the  surface  of  micron-sized  silica  or  polystyrene  micro¬ 
spheres  to  produce  a  lasing  cavity  that  is  both  reproducible 
and  stable.46  This  synthetic  methodology  entails  mixing  a  NC- 
titania  sol  precursor  with  silica  microspheres  before  spin 
casting  onto  a  glass  substrate  and  annealing  at  high 
temperature  (see  Fig.  11).  The  disparity  in  the  size  of  the 
titania  film  and  the  microsphere  feedstock  results  in  a 
conformal  coating  of  the  titania  film  onto  the  microspheres. 
Fig.  12  shows  the  lasing  obtained  from  these  WGM  resonator 
composites.  A  clear  threshold  is  observed  for  biexcitonic  lasing 
on  the  low  energy  side  of  the  quantum  dot  fluorescence.  The 
facile  and  robust  method  of  incorporating  NCs  as  gain 
material  for  spherical  resonators  was  found  to  be  general; 
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Fig.  10  (Top)  AFM  of  NCs  incorporated  into  a  thin  film.  (Bottom) 
The  emission  spectrum  of  a  NC-titania  DFB  laser  device.  (Reproduced 
from  J.  Mater.  Chem.,  2005,  15,  2697. 14) 


Fig.  11  A  schematic  representation  for  the  synthesis  of  NC  coated 
microspheres  to  produce  a  NC-microsphere  that  exhibits  lasing  from  a 
whisper  gallery  mode.  The  silica  microspheres  are  on  the  order  of 
microns;  their  size  is  exaggerated  in  the  container  on  the  left  in  order  to 
emphasize  the  nature  of  the  synthetic  procedure. 


Unm 

Fig.  12  Fluorescence  from  the  CdSe  NCs  (bottom  trace)  transforms 
into  discrete  sharp  lines  once  the  lasing  threshold  is  crossed.  Inset 
shows  the  non-linear  increase  in  intensity  at  threshold  pump  intensity 
at  652  nm  while  the  fluorescence  at  641  nm  shows  a  linear  response. 

different  NCs  can  be  used  to  achieve  lasing  at  different 
wavelengths,47  and  WGM  resonant  cavity  structures  can  be 
introduced  using  a  variety  of  commercially  available  micro¬ 
sphere  templates.46  The  overcoating  of  NC-titania  sols  onto 
the  spheres  produces  hundreds  of  uniform  microresonators  in 
a  single  spin-coating  process,  which  opens  up  the  potential  for 
multiplexed  sensing  modalities. 

Prospects  for  non-linear  sensing  using  CdSe  as  gain 
material 

The  development  of  environmentally  responsive  CdSe  NC 
constructs,  together  with  NC-based  DFB  thin  film  and  WGM 
spherical  lasing  platforms,  opens  the  way  for  the  development 
of  high  gain  CBsensors.  The  gain  coefficient  of  NC-based  laser 
cavities  may  be  altered  through  the  modulation  of  energy 
transfer  by  the  various  mechanisms  shown  in  Fig.  3.  The 
excited  state  population  may  be  reduced  through  resonance 
energy  transfer  loss  channels.  Consequently,  the  loss  of  the 
excited  state  concentration  (decrease  in  AAui)  will  represent  a 
significant  portion  of  the  total  population  inversion  resulting 
in  a  large  change  in  the  amplified  laser  intensity.  When  the  loss 
of  energy  within  the  laser  cavity  is  greater  than  the  gain,  the 
laser  turns  off,  which  can  then  be  easily  observed. 
Alternatively,  the  energy  transfer  mechanisms  may  be  con¬ 
structed  to  enhance  the  excited  state  population  through 
excitation  of  the  NC  by  the  analyte.  In  either  of  these 
strategies,  the  response  of  the  analyte  by  the  NC  is  perturbed 


This  journal  is  ©  The  Royal  Society  of  Chemistry  2007 


Chem.  Soc.  Rev.,  2007,  36,  579-591  |  589 


in  a  highly  non-linear  fashion,  thereby  facilitating  signal 
detection.  Alternatively,  the  surface  of  CdSe  NCs,  which  are 
part  of  a  lasing  cavity,  are  amenable  to  modification  with 
receptor  sites.  Recognition  of  target  analytes  that  absorb  or 
emit  at  the  propagating  frequency  can  in  principle  add  to  the 
gain  or  loss  mechanism. 

The  ability  to  produce  very  high  Q  laser  cavities  using 
standard  sol-gel  chemistry  offers  other  opportunities  for 
highly  non-linear  sensing.  The  optical  Q  factor  is  proportional 
to  the  timescale  that  energy  is  stored  in  the  cavity  compared  to 
the  rate  of  energy  loss.  Consequently,  higher  Q  cavities  have 
longer  photon  storage  times,  increasing  the  effective  length 
scale  over  which  the  laser  light  is  amplified.  The  change  in 
intensity  and  sensitivity  as  a  result  of  the  loss  or  gain  of  excited 
state  population  is  exponential  with  respect  to  the  length  scale 
of  laser  light  amplification.  Additional  sensitivity  may  be 
achieved  by  the  direct  modification  of  the  Q  factor  itself,  which 
will  shift  the  wavelengths  of  lasing  emission.  The  wavelengths 
of  DFB  and  WGM,  lasing  emission  lines  are  very  sensitive  to 
the  refractive  index  of  the  gain  medium.  Adsorption  of  an 
analyte  on  the  surface  of  the  lasing  device  has  the  potential  of 
altering  the  Q-factor  and  changing  the  optical  properties  of  the 
structure,  which  would  change  the  lasing  wavelength.  Because 
the  laser  lines  are  narrow,  the  shift  in  the  lasing  wavelength  can 
be  monitored  easily. 

Summary 

The  attractive  properties  of  broad  absorption  profiles,  narrow 
tunable  emissions,  high  photo  stability,  and  high  quantum 
yields  for  NCs  have  led  to  their  development  as  CBsensors. 
The  narrow  emissions  of  the  NCs  as  well  as  their  resistance  to 
photobleaching  compared  to  those  of  organic  dyes  hold 
promise  for  multiplexing  applications  in  a  biological  environ¬ 
ment.  In  addition,  the  development  towards  self-calibrating 
NC  sensors  has  expanded  the  utility  of  NC  biosensors  to  be 
comparable  to  that  of  organic  dyes.  For  sensing,  as  opposed  to 
imaging,  the  NC  photophysics  must  be  sensitive  to  their 
environment.  Most  applications  to  date  have  focused  on 
utilizing  FRET  as  the  mechanism  to  perturb  the  photophysics. 
However,  other  mechanisms  exist.  A  recent  report  by  Sykora 
et  al.  has  demonstrated  that  CdSe  emission  is  completely 
quenched  by  carboxylated  Ru-polypyridyl  complexes.51  This 
result,  accompanied  by  the  fact  that  the  spectral  overlap  is 
small,  suggests  charge  transfer  as  the  predominant  mechanism 
for  NC  quenching  as  opposed  to  FRET.  Considering  the 
effectiveness  of  electron  transfer  as  an  excited  state  quenching 
mechanism,  the  development  of  NC  CBsensors  whose  signal 
transduction  is  derived  from  charge  transfer  appears  to  be  a 
particularly  fruitful  line  of  inquiry.52  Finally,  the  use  of  NCs  as 
gain  materials  in  lasing  cavities  lays  the  foundation  for  non¬ 
linear  sensing  strategies  that  allow  for  the  rapid  and 
ultrasensitive  detection  of  target  analytes  by  NC-based 
CBsensors. 

Acknowledgements 

R.C.S.  would  like  to  thank  Dr  P.  T.  Snee  and  Dr  A.  B. 
Greytak  for  helpful  discussions.  R.C.S.  also  thanks  the 


Corning  Foundation  for  a  graduate  fellowship.  We  acknowl¬ 
edge  sustained  support  from  the  National  Science  Foundation 
through  the  Collaborative  Research  in  Chemistry  program 
(CHE-0209898)  and  the  Army  Research  Office  (W911NF-06- 
1-0101)  for  support  of  the  basic  research  needed  to  unify  CB 
sensing  and  NCs. 


References 

1  C.  B.  Murray,  D.  J.  Norris  and  M.  G.  Bawendi,  J.  Am.  Chem.  Soc., 
1993,  115,  8706. 

2  M.  A.  Hines  and  P.  Guyot-Sionnest,  J.  Phys.  Chem.,  1996,  100, 
468. 

3  B.  O.  Dabbousi,  J.  Rodriguez- Viejo,  F.  V.  Mikulec,  J.  R.  Heine, 
H.  Mattoussi,  R.  Ober,  K.  F.  Jensen  and  M.  G.  Bawendi,  J.  Phys. 
Chem.  B,  1997,  101,  9463. 

4  J.  K.  Jaiswal  and  S.  M.  Simon,  Trends  Cell  Biol.,  2004, 14,  497  and 
all  references  therein. 

5  M.  Bruchez,  M.  Moronne,  P.  Gin,  S.  Weiss  and  A.  P.  Alivisatos, 
Science,  1998,  281,  2013. 

6  W.  C.  W.  Chan  and  S.  Nie,  Science,  1998,  281,  2016. 

7  B.  Dubertret,  P.  Skourides,  D.  J.  Norris,  V.  Noireaux,  A.  H. 
Brivanlou  and  A.  Libchaber,  Science,  2002,  298,  1759. 

8  X.  Wu,  H.  Liu,  J.  Liu,  K.  N.  Haley,  J.  A.  Treadway,  J.  P.  Larson, 
N.  Ge,  F.  Peale  and  M.  P.  Bruchez,  Nat.  Biotechnol.,  2003,  21,  41. 

9  W.  Guo,  J.  J.  Li,  Y.  A.  Wang  and  X.  Peng,  Chem.  Mater.,  2003, 15, 
3125. 

10  S.  Kim  and  M.  G.  Bawendi,  J.  Am.  Chem.  Soc.,  2003,  125,  14652. 

11  I.  L.  Medintz,  H.  T.  Uyeda  and  E.  R.  Goldman,  Nat.  Mater.,  2005, 
4,  435. 

12  J.  Aldana,  Y.  A.  Wang  and  X.  Peng,  J.  Am.  Chem.  Soc.,  2001, 123, 
8844. 

13  A.  M.  Derfus,  W.  C.  W.  Chan  and  S.  N.  Bhatia,  Nano  Lett.,  2004, 
4,  11. 

14  A.  W.  Wun,  P.  T.  Snee,  Y.  T.  Chan,  M.  G.  Bawendi  and 
D.  G.  Nocera,  J.  Mater.  Chem.,  2005,  15,  2697  and  all  references 
therein. 

15  G.  W.  Walker,  V.  C.  Sundar,  C.  M.  Rudzinski,  A.  W.  Wun, 
M.  G.  Bawendi  and  D.  G.  Nocera,  Appl.  Phys.  Lett.,  2003,  83, 
3555. 

16  H.  Hu,  M.  M.  Koochesfahani,  B.  Shafii,  P.  T.  Snee,  M.  G.  Bawendi 
and  D.  G.  Nocera,  Bull.  Am.  Phys.  Soc.,  2005,  50,  167. 

17  S.  Pouya,  M.  M.  Koochesfahani,  P.  T.  Snee,  M.  G.  Bawendi  and 
D.  G.  Nocera,  Exp.  Fluids,  2005,  39,  784. 

18  D.  H.  Son,  S.  M.  Hughes,  Y.  Yin  and  A.  P.  Alivisatos,  Science, 
2004,  306,  1009. 

19  J.  Lee,  A.  O.  Govorov  and  N.  A.  Kotov,  Nano  Lett.,  2005,  5,  2063. 

20  J.  R.  Lakowicz,  Principles  of  Fluorescence  Spectroscopy,  Kluwer 
Academic  Publishers,  New  York,  2nd  edn,  1999. 

21  A.  R.  Clapp,  I.  L.  Medintz,  J.  M.  Mauro,  B.  R.  Fisher, 
M.  G.  Bawendi  and  H.  Mattoussi,  J.  Am.  Chem.  Soc.,  2004,  126, 
301. 

22  C.  R.  Kagan,  C.  B.  Murray,  M.  Nirmal  and  M.  G.  Bawendi,  Phys. 
Rev.  Lett.,  1996,  76,  1517. 

23  R.  Wargnier,  A.  V.  Baranov,  V.  G.  Maslov,  V.  Stsiapura, 
M.  Artemyev,  M.  Pluot,  A.  Sukhanova  and  I.  Nabiev,  Nano 
Lett.,  2004,  4,  451. 

24  (a)  D.  M.  Willard,  L.  L.  Carillo,  J.  Jung  and  A.  Van  Orden,  Nano 
Lett.,  2001,  1,  469;  {b)  D.  M.  Willard,  L.  L.  Carillo,  J.  Jung  and 
A.  Van  Orden,  Nano  Lett.,  2001,  1,  581. 

25  P.  T.  Tran,  E.  R.  Goldman,  G.  P.  Anderson,  J.  M.  Mauro  and 
H.  Mattoussi,  Phys.  Status  Solidi  B,  2002,  229,  427. 

26  S.  Hohng  and  T.  Ha,  ChemPhysChem,  2005,  6,  956. 

27  D.  Zhou,  J.  D.  Piper,  C.  Abell,  D.  Klenerman,  D.-J.  Kang  and 

L.  Ying,  Chem.  Commun.,  2005,  4807. 

28  A.  R.  Clapp,  I.  L.  Medintz,  B.  R.  Fisher,  G.  P.  Anderson  and 
H.  Mattoussi,  J.  Am.  Chem.  Soc.,  2005,  127,  1242. 

29  M.  Achermann,  M.  A.  Petruska,  S.  Kos,  D.  L.  Smith, 
D.  D.  Koleske  and  V.  I.  Klimov,  Nature,  2004,  429,  642. 

30  M.  Anni,  L.  Manna,  R.  Cingolani,  D.  Valerini,  A.  Creti  and 

M.  Lomascolo,  Appl.  Phys.  Lett.,  2004,  85,  4169. 

31  N.  Hildebrandt,  L.  J.  Charbonniere,  M.  Beck,  R.  F.  Ziessel  and 
H.-G.  Lohmannsroben,  Angew.  Chem.,  Int.  Ed.,  2005,  44,  7612. 


590  |  Chem.  Soc.  Rev.,  2007,  36,  579-591 


This  journal  is  ©  The  Royal  Society  of  Chemistry  2007 


32  P.  O.  Anikeeva,  C.  F.  Madigan,  S.  A.  Coe-Sullivan,  J.  S. 
Steckel,  M.  G.  Bawendi  and  V.  Bulovic,  Chem.  Phys.  Lett.,  2006, 
424,  120. 

33  F.  Patolsky,  R.  Gill,  Y.  Weizmann,  T.  Mokari,  U.  Banin  and 
I.  Willner,  J.  Am.  Chem.  Soc.,  2003,  125,  13918. 

34  R.  Gill,  I.  Willner,  I.  Shweky  and  U.  Banin,  J.  Phys.  Chem.  B, 
2005,  109,  23715. 

35  R.  Bakalova,  Z.  Zhelev,  H.  Ohba  and  Y.  Baba,  J.  Am.  Chem.  Soc., 
2005,  127,  11328. 

36  C.-Y.  Zhang  and  L.  W.  Johnson,  J.  Am.  Chem.  Soc.,  2006,  128, 
5324. 

37  I.  L.  Medintz,  A.  R.  Clapp,  H.  Mattoussi,  E.  R.  Goldman, 
B.  Fisher  and  J.  M.  Mauro,  Nat.  Mater.,  2003,  2,  630. 

38  E.  R.  Goldman,  I.  L.  Medintz,  J.  L.  Whitley,  A.  Hayhurst, 
A.  R.  Clapp,  H.  T.  Uyeda,  J.  R.  Deschamps,  M.  E. 
Lassman  and  H.  Mattoussi,  J.  Am.  Chem.  Soc.,  2005,  127, 
6744. 

39  C.-Y.  Chen,  C.-T.  Cheng,  C.-W.  Lai,  P.-W.  Wu,  K.-C.  Wu, 
P.-T.  Chou,  Y.-H.  Chou  and  H.-T.  Chiu,  Chem.  Commun.,  2006, 
263. 

40  M.  Tomasulo,  I.  Yildiz  and  F.  M.  Raymo,  J.  Phys.  Chem.  B,  2006, 
110,  3853. 

41  P.  T.  Snee,  R.  C.  Somers,  J.  Zimmer,  G.  Nair,  M.  G.  Bawendi  and 
D.  G.  Nocera,  J.  Am.  Chem.  Soc.,  2006,  128,  13320. 


42  V.  I.  Klimov,  A.  A.  Mikhailovsky,  S.  Xu,  A.  Malko, 
J.  A.  Hollingsworth,  C.  A.  Leatherdale,  H.-J.  Eisler  and 
M.  G.  Bawendi,  Science,  2000,  290,  314. 

43  A.  Rose,  Z.  Zhu,  C.  F.  Madigan,  T.  M.  Swager  and  V.  Bulovic, 
Nature ,  2005,  434,  876. 

44  H.-J.  Eisler,  V.  C.  Sundar,  M.  G.  Bawendi,  M.  Walsh,  H.  I.  Smith 
and  V.  Klimov,  Appl.  Phys.  Lett.,  2002,  80,  4614. 

45  V.  C.  Sundar,  H.-J.  Eisler,  T.  Deng,  Y.-T.  Chan,  E.  L.  Thomas  and 
M.  G.  Bawendi,  Adv.  Mater.,  2004,  16,  2137. 

46  P.  T.  Snee,  Y.  Chan,  D.  G.  Nocera  and  M.  G.  Bawendi,  Adv. 
Mater.,  2005,  17,  1131. 

47  Y.  Chan,  J.  S.  Steckel,  P.  T.  Snee,  J.-M.  Caruge,  J.  M.  Hodgkiss, 
D.  G.  Nocera  and  M.  G.  Bawendi,  Appl.  Phys.  Lett.,  2005,  86, 
073102. 

48  Y.  Chan,  P.  T.  Snee,  J.-M.  Caruge,  B.  K.  Yen,  G.  Nair, 
D.  G.  Nocera  and  M.  G.  Bawendi,  J.  Am.  Chem.  Soc.,  2006, 
128,  3146. 

49  M.  Kazes,  D.  Y.  Lewis,  Y.  Ebenstein,  T.  Mokari  and  U.  Banin, 
Adv.  Mater.,  2002,  14,  317. 

50  M.  A.  Petruska,  A.  V.  Malko,  P.  M.  Voyles  and  V.  I.  Klimov,  Adv. 
Mater.,  2003,  15,  610. 

51  M.  Sykora,  M.  A.  Petruska,  J.  Alstrum-Acevedo,  I.  Bezel, 
T.  J.  Meyer  and  V.  I.  Klimov,  J.  Am.  Chem.  Soc.,  2006,  128,  9984. 

52  M.  G.  Sandros,  D.  Gao  and  D.  E.  Benson,  J.  Am.  Chem.  Soc., 
2005,  127,  2198. 


This  journal  is  ©  The  Royal  Society  of  Chemistry  2007 


Chem.  Soc.  Rev.,  2007,  36,  579-591  |  591 


